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SUMMARY 

The human opera tor  i n  a manual t racking  task i s  known t o  
change h i s  con t ro l  c h a r a c t e r i s t i c s  t o  adapt  t o  p a r t i c u l a r  
con t ro l l ed  element dynamics, i npu t  c h a r a c t e r i s t i c s  and task 
requirements. T h i s  r epor t  descr ibes  an experimental i n v e s t i -  
g a t i o n  of human adapt ive  con t ro l  following sudden changes i n  
g a i n  or p o l a r i t y  of t he  con t ro l l ed  element i n  a closed-loop 
t racking  task. The experiments used p r i m a r i l y  s imple posi-  
t i o n  con t ro l  t o  determine lower bounds on the  adapta t ion  
process. Random inpu t s  were t racked  under p u r s u i t  and compen- 
s a t o r y  s ingle-ax is  d i sp lays .  

Average error waveforms following con t ro l l ed  element t r a n s i -  
t i o n s  revea l  the  time course of adapta t ion .  The average 
waveforms and data on t i m e  necessary t o  cancel  t h e  e r r o r s  
following t r a n s i t i o n s  i n d i c a t e  some of the f a c t o r s  a f f e c t i n g  
t h e  adapta t ion  process.  Complexity of t he  t r a n s i t i o n  and 
form of the  i n i t i a l  e r r o r  are both important i n  changing the  
o p e r a t o r ' s  c o n t r o l  law. 

Times  necessary f o r  adap ta t ion  t o  changes i n  simple t racking  
condi t ions  are q u i t e  s m a l l .  Ruman ope ra to r  con t ro l  adapta- 
t i o n  g e n e r a l l y  occurs i n  0.4-0.8 sec.  following a con t ro l l ed  
element change, and the r e s u l t i n g  e r r o r  i s  u s u a l l y  reduced 
t o  i t s  as;TJmptotic l e v e l  i n  1-3 sec.  following t r a n s i t i o n .  
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SECTION I 

INTRODUCTION 

The need f o r  adequate a n a l y t i c  desc r ip t ions  of the performance 
of t he  human ope ra to r  i n  a t racking  task was recognized during 
Vorld Nar 11, i n  connection with f i r e  con t ro l  problems. 
Tus t in  f i rs t  used the techniques of servomechanism theory t o  
f i t  a l i n e a r  d e s c r i p t i o n  t o  the opera tor ,  and Sobczyk and 
P h i l l i p s 2  used such techniques i n  f ind ing  the  optimum "aiding 
constant"  f o r  handwheel t racking .  Theore t ica l  and experimental 
support  f o r  assisting the  human with a ided  t racking  was gener- 
a t e d  by l leiss3 and i n v e s t i g a t o r s  at the Frankl in  I n s t i t u t e .  

1 

4 
Thereaf te r ,  use  of l i n e a r  process i d e n t i f i c a t i o n  techniques by 
Russell5, Krende16, Elkind7, and Goodyear Ai rc ra f t8  l e d  to 
human ope ra to r  models which account f o r  most of the o p e r a t o r ' s  
response under var ious condi t ions  of input  c h a r a c t e r i s t i c s  and 
con t ro l l ed  element dynamics. I n v e s t i g a t i o n  of d i f f e r e n t  
con t ro l  dynamics and d i s p l a y  condi t ions by Birmingham, Taylor 
and Chernikoffg ind ica t ed  t h e i r  e f f e c t  on t racking  e r r o r  l e v e l .  
Most of  the r e l evan t  s t u d i e s  p r i o r  to 1957 are discussed i n  t h e  
thorough review by McRuer and Krendel. 10 

There have been s e v e r a l  d i s t i n c t  f i e l d s  of e f f o r t  i n  r ecen t  
11 work on human ope ra to r  desc r ip t ions .  Ashlcenas and McRuer 

and Creer and Sadoff'*, have s tud ied  a i r c r a f t  handling qua l i -  
t i e s  and p i l o t  opinion, c o r r e l a t i n g  i t  with models for p i l o t  



con t ro l  operat ion.  The importance of the  psychological r e f r a c -  
t o r y  per iod,  e a r l y  emphasized by Craik13 and Hick'', has l ed  

to i n v e s t i g a t i o n  of discontinuous models of the human opera tor  
by Bekey15, Wilde and Westcott16, and Naves17. The time-vary- 
ing c h a r a c t e r i s t i c s  of the human ope ra to r  have provided another  
f i e l d  of i n t e r e s t .  
slowly varying t r a n s f e r  f'unctions , and Elkind*' has developed 
a more r a p i d  i d e n t i f i c a t i o n  technique f o r  t h i s  purpose. 
Sadoff21 has inves t iga t ed  the  p i l o t ' s  a b i l i t y  t o  con t ro l  a 
c r a f t  through a simulated f a i l u r e  of p a r t  of the system. The 
present  research  continues along the l i n e  of studying the t i m e -  
varying c h a r a c t e r i s t i c s  of t he  human opera tor  under c o n t r o l l e d  
element changes. 

Sheridan18, and Orns te in lg  have measured 

Although human opera tor  c h a r a c t e r i s t i c s  under s t eady- s t a t e  
condi t ions have received much a t t e n t i o n ,  very l i t t l e  work has 
been done concerning t h e  dynamic process of adjustment of 
human ope ra to r  c h a r a c t e r i s t i c s  i n  changing from one con t ro l  
s i t u a t i o n  to another .  T h i s  r e p o r t  descr ibes  an  experimental 
program aimed a t  i n v e s t i g a t i n g  t h e  adapt ive  c h a r a c t e r i s t i c s  of 
manual t racking .  Extensions of  human ope ra to r  t racking  
desc r ip t ions  to inc lude  h i s  adapt ive  behavior would be of 
s i g n i f i c a n t  value to engineers concerned wi th  t h e  design of 
modern veh ic l e s  and t o  those i n t e r e s t e d  i n  t h e  e n t i r e  f i e l d  
of adapt ive con t ro l .  

I n  our approach w e  have l i m i t e d  ourselves  to i n v e s t i g a t i o n  of 
a s i n g l e  aspec t  of the genera l  adapt ive  s i t u a t i o n ,  namely the  
a b i l i t y  of the  human opera tor  t o  adapt h i s  behavior following 
sudden changes i n  the con t ro l l ed  element dynamics. 22 

2 
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For a l l  experiments discussed i n  t h i s  r epor t  the sub jec t s  
manipulated a l i g h t  con t ro l  s t i c k  t o  t r a c k  a simulated target 
displayed v i s u a l l y  under both p u r s u i t  and compensatory s i t u a -  
t i o n s .  A t  some poin t  during t h e  t racking  experiments, and 
without warning t o  the  s u b j e c t ,  the con t ro l l ed  element dynam- 
i c s  were suddenly switched t o  a new value.  Analysis concen- 
t ra ted on detailed i n v e s t i g a t i o n  of t h e  t i m e  course of the 
o p e r a t o r ' s  response during the i n s t a n t s  following the con- 
t r o l l e d  element changes. Most of t h e  experiments discussed 
i n  t h i s  r e p o r t  used a simple g a i n  as the  con t ro l l ed  element 
i n  order  t o  uncover bas i c  l i m i t a t i o n s  i n  the human adapt ive 
process .  

We have attempted t o  answer two s e t s  of  quest ions by means of 
t hese  experiments: 

1. How fa s t  can t h e  adapta t ion  process take place? 
What f a c t o r s  determine t h e  speed of adapta t ion ,  
and what i s  the  lower t i m e  bound t h a t  one can 
expect? 

2. What i s  the process by which the human adapts  
t o  a new con t ro l  mode? What information does 
he use  t o  determine when a change i n  h i s  

c h a r a c t e r i s t i c s  i s  requi red ,  which parameters of  
h i s  con t ro l  c h a r a c t e r i s t i c s  can he vary easi ly  
and r ap id ly ,  and which does he f i n d  more 
d i f f i c u l t  t o  change? I n  what o rde r  does he 
change these parameters? 

Answers t o  these quest ions would provide the key t o  the na tu re  
of human adapt ive  t racking .  

3 
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SECTION I1 

APPARATUS 

Fig.  1 shows a s u b j e c t  a t  t h e  con t ro l s .  He i s  sea t ed  i n  a 
s m a l l  cubic le  s i x - f e e t  high,  two-and-one-half-feet wide, 
and s i x - f e e t  long. Placed on the w a l l  d i r e c t l y  i n  f r o n t  of 
h i m  i s  an 11 x 14 inch  osc i l l o scope  pos i t ioned  a t  eye l e v e l  
and approximately 36-inches from the sub jec t .  The v i s u a l  
i n d i c a t o r s  on the d i sp lay  are a one-half-inch diameter 
c i r c l e  and a s m a l l  do t .  For p u r s u i t  t rack ing  t h e  t a r g e t  
s i g n a l ,  o r  i n p u t ,  i s  t h e  ho r i zon ta l  displacement of t h e  
c i r c l e  and the  s u b j e c t  con t ro l s  t he  ho r i zon ta l  p o s i t i o n  of 
t h e  s m a l l  do t .  For compensatory t r ack ing ,  t h e  c i r c l e  remains 
s t a t i o n a r y  i n  t h e  cen te r  of t he  osc i l l o scope  and the  hori-  
zonta l  displacement of t h e  small dot  i s  equal to the 
d i f f e rence  between the input  and t h e  s u b j e c t ' s  response. 

The sub jec t  makes h i s  response by moving a l i g h t  con t ro l  
s t i c k  which protrudes through a c i r c u l a r  hole  i n  t h e  r i g h t -  
a r m  rest  o f  a s t u d e n t ' s  c h a i r  on which t h e  sub jec t  i s  seated.  
The con t ro l  s t i c k  i s  sp r ing  r e s t r a i n e d  and e a s i l y  manipulated 
by a wrist movement r equ i r ing  one pound f o r  maximum deflec-  
t i o n .  
i t s  upr ight  p o s i t i o n .  The r i g h t  and l e f t  movements of  t h e  
s t i c k  provide the vol tages  f o r  the input  t o  t h e  con t ro l l ed  
dynamics. The s t i c k  i s  f r e e  t o  move i n  the forward and back 

The s t i c k  can be moved approximately - 4-45 degrees from 
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d i r e c t i o n s  as well as l e f t  and r i g h t ,  bu t  only the  l a t te r  
motion e f f e c t s  the  response s igna l .  

A s p e c i a l  d i sp l ay  card  masks a l l  bu t  part of the  osc i l loscope  
r ace ,  showing only  a small r ec t angu la r  segment of the  screen  
- 3-inches i n  height and 14-inches i n  width. A t  the edge of 
t h i s  mask an  arrow m a r k s  the  h o r i z o n t a l  c e n t e r  of  the rec tangle .  
Other i n d i c a t i o n s  occur  a t  three and f i v e  inches t o  the l e f t  
and r i g h t  of the cen te r .  These marks are included t o  reduce 
any a u t o k i n e t i c  e f f e c t s  i n  the t r ack ing  cubicle .  The cub ic l e  
i s  l i g h t e d  i n d i r e c t l y  from a f luo rescen t  lamp pos i t ioned  about 
one-foot above the osc i l loscope .  The walls of t he  cub ic l e  are 
pa in ted  d u l l  g ray  t o  reduce r e f l e c t i o n  from t he  f a c e  of the 
d isp lay .  The display uses  mechanical choppers i n  X and Y 
d i r e c t i o n s  f o r  p re sen ta t ion  of the two v i s u a l  i n d i c a t o r s  on 
the  d isp lay  osc i l loscope .  

Fig.  2 i s  a f u n c t i o n a l  block diagram of  the  e n t i r e  experi-  
mental apparatus .  The random continuous input  s i g n a l s ,  con- 
sisting of r ec t angu la r  no ise  s p e c t r a ,  were s t o r e d  on magnetic 
tape .  (For the "step" experiments t he  inpu t  was the  sum of 
square waves from square wave gene ra to r s ) .  The response 
s i g n a l  from t h e  s u b j e c t ' s  con t ro l  s t i c k  was fed t o  an Elec- 
t r o n i c  Associates Incorporated TR-48 analog computer. The 
TR-48 computer i s  programmed t o  g i v e  two p a r a l l e l  channels of  
con t ro l  modes. Each channel may be placed i n  any one of 
10 modes by a s e l e c t i o n  of switches.  While the s u b j e c t  i s  
t racking  w i t h  c e r t a i n  con t ro l  element dynamics i n  one 
channel, t h e  output  of the o the r  channel i s  not  connected t o  

6 



the response dot .  A s e l e c t o r  switch for t he  second channel 
may be set  t o  determine the dynamics of the next t racking 
mode. The "change channel switch" is  under t h e  con t ro l  o f  
the experimenter, and changes con t ro l  t o  the a l t e r n a t e  channel 
when condi t ions requi red  by the channel coincidence and input  
r a t e  th reshold  c i r c u i t s  are s a t i s f i e d .  Once the  change occurs 
the  f i r s t  channel i s  f r e e  and may be set  t o  the next  t racMng 
mode. Thus for any experiment twenty d i f f e r e n t  modes of the 
con t ro l l ed  element are readi ly  a v a i l a b l e  for s e l e c t i o n  by the  
experimenter. 

The channel coincidence c i r c u i t  i s  included t o  prevent t he  
occurrence of d i s c o n t i n u i t i e s  a t  t r a n s i t i o n s .  T h i s  c i r c u i t  
c lo ses  a r e l a y  only when t h e  absolu te  value of t h e  d i f f e rence  
between t h e  a c t i v e  and i n a c t i v e  channel outputs  i s  c lose  t o  
zero.  T h i s  a s su res  that  when a t r a n s i t i o n  between channels 
occurs t h e r e  can be no jump i n  the  p o s i t i o n  of t h e  response 
do t ,  which might a l e r t  the  sub jec t  t o  a change i n  con t ro l l ed  
element dynamics. The inpu t  ra te  threshold  c i r c u i t  prevents  
t r a n s i t i o n s  from occurr ing a t  times when the input  i s  almost 
s t a t i o n a r y .  If such were the  case ,  no s i g n i f i c a n t  immediate 
e r r o r  i nc rease  would occur d e s p i t e  a change i n  con t ro l l ed  
element dynamics. I n  a d d i t i o n ,  for t h e  average response 
computations, the inpu t  r a t e  threshold c i r c u i t  i s  made uni- 
d i r e c t i o n a l  s o  that  the  e r r o r s  following the t r a n s i t i o n  w i l l  
a l l  be of t h e  same phase. 

Pen recordings of t h e  i n p u t  and response of the  i n a c t i v e  as 
well as the a c t i v e  channel were taken t o  a s c e r t a i n  a t  what 
po in t  t h e  s u b j e c t  ceases  t racking  according t o  the previous 
mode of t h e  c o n t r o l l e d  element. The e r r o r  i s  a l s o  recorded 
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on the pen recorder  as i s  i t s  abso lu te  value f i l t e red  by a 
simple 0.25 sec .  low-pass f i l t e r .  This l a t t e r  q u a n t i t y  was 
used i n  our  estimate of adjustment t i m e .  For computation 
of the average e r r o r  following t r a n s i t i o n s ,  the  t racking  
e r r o r  and the con t ro l l ed  element mode i n d i c a t o r  were 
recorded and la te r  played i n t o  a D i g i t a l  Equipment Corpora- 
t i o n  PDP-1 d i g i t a l  computer. 

The d i sp lay  i n  Fig. 2 i s  shown f o r  p u r s u i t  t rack ing .  For 
compensatory t racking  the  dot  i s  dr iven  d i r e c t l y  by the  e r r o r  
and the c i r c l e  remains s t a t i o n a r y  a t  the c e n t e r  pos i t i on .  

Detailed diagrams of t h e  analog computer programs a r e  given 
i n  Appendix A of t h i s  r e p o r t .  
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SECTION 111 

EXPERIMENTAL RESULTS ( I ) - ADJUSTI'GTJT TIT4ES 

3.1. Adjustment T imes  - Random Input  (R.64) 

I n  an e f f o r t  t o  s e t  bounds on the adjustment t i m e  following 
changes i n  c o n t r o l  g a i n  and p o l a r i t y ,  as w e l l  as t o  determine 
those f a c t o r s  which con t r ibu te  most heavi ly  t o  determining t h e  
adjustment t i m e ,  experiments were conducted on f i v e  t r a i n e d  
sub jec t s  t racking  under p u r s u i t  and compensatory s i t u a t i o n s .  
Each sub jec t  was scored on 180 t r a n s i t i o n s  i n  p u r s u i t  and 
compensatory traclcing. (Details of the  experimental design 
and the scoring method. a r e  given i n  Appendix B ) .  
t r a n s i t i o n ,  adjustment time was recorded.. These times were 
examined to determine the e f f e c t  of' t h e  following f a c t o r s :  

For each 

1. Modality of d i s p l a y  - compensatory versus p u r s u i t .  

2. The number of a l t e r n a t i v e  modes of t h e  con t ro l l ed  
element dynamics - t h e  con t ro l  being switched 
among 2, 4, or 8 con t ro l  s e t t i n g s  i n  t h e  course 
of an  experiment. 

3. The e f f e c t  of' the  expected i n i t i a l  e r r o r  
introduced by the t r a n s i t i o n  - as measured by 
the  ' ' r e l a t i v e  d i f f e rence"  t o  be def ined  below. 
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4. The "complexity" of the t r a n s i t i o n  - whether 
i t  cons is ted  of a simple g a i n  change o r  
p o l a r i t y  r e v e r s a l ,  or a combination of  t he  two. 

Summary t a b l e s  of the adjustment times f o r  t h e  e n t i r e  experi-  
ment are g iven  i n  Appendix C. Only those  r e s u l t s  which prove 
t o  be i n t e r e s t i n g  o r  s i g n i f i c a n t  w i l l  be discussed i n  t h i s  
s ec t ion .  

The s t a t i s t i c a l  t e s t s  used were a l l  non-parametric. The reason 
for t h i s  was t h a t  the  necessary condi t ions  for t h e  v a l i d  use of 
parametric tes ts  a r e  not f u l f i l l e d .  I n  p a r t i c u l a r ,  p a r t l y  for 
the Teasons g iven  below, the d i s t r i b u t i o n s  were not normal. 
The t e s t  used was e i ther  the  Nann-Idhitney U Test  for independ- 
e n t  samples, or t h e  Vileoxon Matched-Pairs Signed-Ranks T e s t ,  
depending on the  data being compared. A11 s ign i f i cance  l e v e l s  
quoted are f o r  2 - t a i l ed  tests. 

Before d iscuss ing  t h e  r e s u l t s ,  however, a word of caut ion  con- 
cerning the d e f i n i t i o n  of adjustment t i m e  i s  i n  order .  Our 
c r i t e r i o n  requi red  t h e  s u b j e c t  t o  reduce h i s  e r r o r  t o  t h r e e  
times h i s  asymptotic t racking  l e v e l  and maintain t h i s  per- 
formance for a period corresponding to more than two f u l l  
cycles  of the h ighes t  input  frequency ( three seconds). I n  
genera l  t h i s  c r i t e r i o n  agreed with our  s u b j e c t i v e  a p p r a i s a l  
of when t h e  s u b j e c t  had "caught on" t o  the new con t ro l  
model and had f u r t h e r  succeeded i n  reducing t h e  l a r g e  errors 
int roduced at t h e  t i m e  of t r a n s i t i o n  and s h o r t l y  t h e r e a f t e r .  
There were occasions,  however, p a r t i c u l a r l y  f o r  ga in-  
decrease t r a n s i t i o n s ,  i n  which the e r r o r  l e v e l  never exceeded 
t h e  c r i t e r i o n ,  fo rc ing  us  t o  record the t r a n s i t i o n  as having 
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zero adjustment time. In other cases the absolute error would 
bounce back above the criterion level several times, yieldiw 
extraordinarily long adjustment times which perhaps did not 
fairly represent the "true state" of the human operator. 
Attempts to move the criterion level up or down all introduced 
more serious discrepancies betoreen occasional indicated 
adjustment times and subjective evaluations of the state of the 
human operator. This type of measure appears to have an 
extremely large variance and makes it quite difficult to say 
much about the factors affecting adjustment time with any 
great degree of confidence. We have no assurance that any of 
the results found in this set of experiments would necessarily 
continue to hold t rue  under a different type of criterion for 
measurement of adjustment time. With this warning, we can 
proceed t o  examine the results. 

3.2 Display Modality and Number of Modes 

The summary graph of Fig. 3 showing median adjustment times 
for all five subjects under all types of transitions indicates 
the superiority of the pursuit type display to a simple 
compensatory display f o r  rapidity of adjustment to a 
controlled element transition. Analysis of the pursuit versus 
compensatory results of Tables Cl-7 show significantly shorter 
adjustment times f o r  pursuit tracking than compensatory 
tracking (p<.02) .  Fig. 3 also shows that for compensatory 
tracking the adjustment time is insensitive to the number of 
possible alternative control modes in the experiment. For 
pursuit tracking, however, the number of possible modes does 
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indeed seem to a ' f fect  the mean adjustment t i m e ,  this t i m e  
increas ing  with the  number of a l t e r n a t i v e  modes i n  the experi-  
ment. Although t h e  increase  i n  median adjustment t i m e  f o r  
p u r s u i t  t rack ing  from 2 modes t o  4 modes i s  rather small, the  
adjustment time f o r  t racking  under 8 a l t e r n a t i v e  modes i s  
s i g n i f i c a n t l y  longer  than f o r  two modes (p<.Ol) . 
3.3 Expected I n i t i a l  Errors--Relat ive Differences 

The degree of d i f f e rence  between the new mode and the previous 
one i s  expected t o  be an important a spec t  of t h e  con t ro l  mode 
t r a n s i t i o n .  The d i f f e rence  between two c o n t r o l  modes i s  measured 
by the  d i f f e r e n t  e f f e c t  on the  response of t h e  same inpu t  by 
the  s u b j e c t  to the con t ro l  s t i c k ,  and i s  an  i n d i c a t i o n  of the 
i n i t i a l  e r r o r  which would be displayed to the  s u b j e c t  on h i s  
f i r s t  movement following the  t r a n s i t i o n .  To quan t i fy  t h i s  
not ion,  we de f ine  r e l a t i v e  d i f f e rence"  of the t r a n s i t i o n  i n  
the following manner: i n  a t r a n s i t i o n  from Mode A to Node B, 
the same s u b j e c t  movement which would cause a con t ro l l ed  dot 
response of 1 u n i t  i n  Mode A now causes a movement of x u n i t s  

I t  

i n  Node B. The r e l a t ive  d i f f e r e n c e  i s  def ined as the 
absolu te  value il-XI. The r e l a t i v e  d i f f e rence  of two modes 
i s  thus a r a t i o :  t h e  d i f f e rence  between a response i n  the new 
mode and what would have been expected i n  the  o l d  mode, 
divided by t h e  response expected i n  the o l d  mode. Thus, i n  
a t r a n s i t i o n  from +l t o  +2, or ,any simple doubling of ga in ,  
x i s  2 and the r e l a t i v e  d i f f e rence  i s  1. I n  a t r a n s i t i o n  
from -2 to +8, x i s  -4, and the r e l a t i v e  d i f f e r e n c e  i s  5. 
Table 3.1 lists t he  r e l a t i v e  d i f f e rence  f o r  each of t h e  
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gain transitions used in this experiment. Large relative 
differences correspond to control mode transitions which 
would tend to give large initial errors. 

TABLE 3.1 

THE mLATIVE DIFFERENCES O F  THE GAIN TRANSITIONS 

GAIN +I +8 7 Rl3VERSAL +l -8 
INCREASE +1 +4 3 INCREASE -1 +8 

-2 -8 3 -2 +8 
-1 -4 3 +1 -4 
-1 -2 1 +2 -8 
+4 +8 1 -4 4-8 
+1 +2 1 +l -2 
-2 -4 1 

GAIN +8 +I 
DECREASE +4 +1 

-8 -2 
-4 -1 
-2 -1 
+8 +4 
+2 +1 
-4 -2 

7 / 8  ’ REVERSAL -8 +i 1-1/8 
3 /4 DECREASE +8 -1 1-118 
314 +8 -2 1-1/4 
3 /4 -4 +1 1-1/4 
1 / 2  -8 +2 1-1/4 
1/2 
1/2 
1 / 2  

REVERSAL t.2 -2 2 
-2 4-4 2 
+4 -4 2 
-4 +4 2 

+8 -4 1-1/2 

-2 +1 1-1..’2 
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Fig. 4 i s  a graph of the  median adjustment time as a func t ion  
of the r e l a t i v e  d i f f e rence  of t r a n s i t i o n s  for pursu i t  and 
com,ensatory d i s p l a y  modal i t ies .  
p l o t  i s  given i n  Table C 8  of Appendix C. The p u r s u i t  data 
of Fig.  4a y i e l d s  a s i g n i f i c a n t  c o r r e l a t i o n  between adjustment 
t i m e  and r e l a t i v e  d i f fe rence .  Those t r a n s i t i o n s  which are 
expected t o  y i e l d  a large i n i t i a l  e r r o r  tend t o  r equ i r e  a 
longer  t i m e  before  t h e  e r r o r  can be reduced t o  c lose  t o  i t s  
asymptotic l e v e l .  

The summary data for t h i s  

The data for compensatory t r ack ing  shows a somewhat d i f f e r e n t  
t r end  with r e l a t i v e  d i f fe rence .  
compensatory t r ac lung  curve does no t  exhi%it t h e  g e n e r a l l y  
increas ing  shape of the  p u r s u i t  data. 
RD=1-1/8 t h e  compensatory curve decreases  g e n e r a l l y  u n t i l  
RD=2, where i t  begins t o  show a s l i g h t  r ise.  An i n t e r e s t i n g  
observat ion for both  p u r s u i t  and compensatory data i s  the 
r e l a t i v e  decrease i n  adjustment times a t  R E 1  and -2, w i t h  
r e spec t  t o  the  t r end  of neighboring poin ts .  

The o v e r a l l  shape of the 

From a peak a t  

3.4 T r a n s i t i o n  Complexity 

The absence of a c l e a r  r e l a t i o n s h i p  between r e l a t i v e  d i f f e r -  
ence of a t r a n s i t i o n  and t h e  a s soc ia t ed  adjustment time 
s t imula ted  a sea rch  f o r  o t h e r  c h a r a c t e r i s t i c s  of t h e  t r ans -  
i t i o n s  which would prove t o  be s i g n i f i c a n t  f a c t o r s  a f f e c t i w  
adjustment time. We def ine  the "conplexity" of a t r a n s i t i o n  
i n  terms of the number of parameters of  the  con t ro l l ed  
element dynamics which have been changed by the t r a n s i t i o n .  
For t h i s  simple p o s i t i o n  con t ro l  experiment t he  only poss ib l e  
t r a n s i t i o n s  were g a i n  inc reases ,  g a i n  decreases ,  simple 
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p o l a r i t y  r e v e r s a l s ,  or combinations of p o l a r i t y  r e v e r s a l  and 
g a i n  change, The t r a n s i t i o n  complexity inc ludes  only  two 
groups: s imple  one-parameter t r a n s i t i o n s  cons i s t ing  of g a i n  
change o r  p o l a r i t y  r e v e r s a l ,  and complex two-parameter t r a n s i -  
t i o n s  cons i s t ing  of bo th  g a i n  change and p o l a r i t y  r e v e r s a l .  

It was noted i n  Fig. 11 t ha t  t h e  adjustment times f o r  r e l a t i v e  
d i f f e rences  of 1 and 2 are apprec iab ly  below the t r end  of  
neighboring data poin ts .  Reference t o  Table 3.1 shows that 
a l l  t r a n s i t i o n s  with r e l a t i v e  d i f fe rence  1 a r e  s i m p l e  doubling 
of the con t ro l  element g a i n  and tha t  all t r a n s i t i o n s  of 
r e l a t i v e  d i f f e r e n c e  2 c o n s i s t  of simple p o l a r i t y  r e v e r s a l  wi th  
no change i n  ga in .  Those t r a n s i t i o n s  with r e l a t i v e  d i f f e rence  
c lose  to 1 or 2, bu t  involving a complex t r a n s i t i o n  a l l  show 
longer  adjustment t i m e s  than  these simple t r a n s i t i o n s .  (Since 
complex t r a n s i t i o n s  g e n e r a l l y  tend t o  y i e l d  la rger  r e l a t i v e  
d i f f e r e n c e s  than  simple t r a n s i t i o n s ,  t he  two measures a r e  by 

no means independent). 

To s tudy the e f f e c t  of t r a n s i t i o n  complexity, the  adjustment 
time da ta  were grouped according to t h e  following f l v e  t r a n s i -  
t i o n  c l a s s i f i c a t i o n s :  g a i n  inc rease ,  g a i n  decrease,  r e v e r s a l ,  
r e v e r s a l  i nc rease ,  r e v e r s a l  decrease.  The median adjustment 
times taken for a l l  f i v e  s u b j e c t s  a r e  shown i n  t h i s  form i n  
Table  C 8  of Appendix C. Median adjustment times f o r  each o f  
the t r a n s i t i o n  types f o r  a l l  sub jec t s  under 2, 4, and 8 modes 
switching experiments a r e  i l l u s t r a t e d  i n  Fig. 5. 

Complex t r a n s i t i o n s  r equ i r ing  the  human ope ra to r  to change 
both h i s  g a i n  and p o l a r i t y  lead to longer  adjustment times 

. 
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than  simple t r a n s i t i o n s  r equ i r ing  changes of  e i t h e r  g a i n  o r  
p o l a r i t y .  T h i s  phenomenon holds t r u e  for p u r s u i t  as wel l  as 
compensatory d i s p l a y  modal i t ies  (p<. 0001). Among o t h e r  
d i f f e rences  shown on Fig. 5 which have been found to be 
s t a t i s t i c a l l y  s i g n i f i c a n t  a r e  t h e  fol lowing : 

a. The r e l a t i v e  adjustment t i m e s  a s soc ia t ed  with 
the  two types of complex t r a n s i t i o n s  depend 
upon t h e  d l s p l a y  modality. For the compensatory 
d i sp lay  under combined 2, 4, and 8 mode experi-  
ments t h e  r e v e r s a l  decrease t r a n s i t i o n s  requi red  
s i g n i f i c a n t l y  longer  times f o r  adjustment than 
the r e v e r s a l  i nc rease  experiments. (p<.02) 
(Ncdian times 5.8 s e c ,  3.9 sec )  
d i sp l ay  under t h e  same experimental  condi t ions ,  
however, we f i n d  tha t  the r e v e r s a l  decrease 
t r a n s i t i o n s  t ake  s i g n i f i c a n t l y  less t i m e  f o r  
adjustment than the r e v e r s a l  i nc rease  t r a n s i -  
t i o n s .  (p4.05) (Median t i m e s  2.3 see ,  3.6 s e c )  

For the pu r su i t  

b. T rans i t i ons  not  requi r ing  p o l a r i t y  reversals 
y i e l d  s h o r t e r  adjustment times than those 
r e q u i r i n c  a p o l a r i t y  r e v e r s a l .  This r e s u l t  i s  
s t a t i s t i c a l l y  s i g n i f i c a n t  i n  the compensatory 
8 mode and 4 mode experiments (p<.Ol, medians 
2.5, 4.4 for 8 modes; p4.05 medians 2.9, 4.4 
f o r  4 modes) and i n  t h e  p u r s u i t  4 mode experi-  
ments (p<.OOl, medians 1.6, 3.1). 
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c. Under p u r s u i t  d i sp l ay  condi t ions a s imple  g a i n  
inc rease  r equ i r e s  a s i g n i f i c a n t l y  longer 
adjustment t i m e  than a s imple  g a i n  decrease 
(p<.02, medians 2.1, 1.5). 

I n  gene ra l ,  al though t h e  l a r g e  var iance i n  the measure of a d j u s t -  
ment t i n e  prevented the  e x t r a c t i o n  of nany apparent  r e l a t i o n s h i p s ,  
the p a r t i t i o n i n g  of t r a n s i t i o n  types according to complexity 
ra ther  than by propor t iona l  d i f f e rence  was more success fu l  i n  
i n d i c a t i n g  some of the f a c t o r s  which a f f e c t  adjustment t i m e .  

3.5 Step Input  Experiments - Compensatory TraclrAng 

A somewhat d i f f e r e n t  approach to i n v e s t i g a t i o n  of the  adapt ive  
process o f  manual c o n t r o l  uses  de t e rmin i s t i c  t e s t  input  s i g n a l s  
to probe t h e  s t a t e  of t he  p i l o t ' s  adapta t ion  a t  any given time. 
Since the  des i r ed  or f u l l y  adapted response to these test 
s i g n a l s  i s  viell-hovm, the degree of adap ta t ion  a t  any time 
fol1ov:iw a conti-olled element t r a n s i t i o n  should be determined 
by obseivinfr, the  response to such a t e s t  input  and comparing 
i t  wi th  t h e  des i r ed  r e s u l t s .  To t h i s  end we conducted a 
ser ies  of j.nformal experiments i n  which the  inpu t  cons is ted  of 
an apparent ly  random s e r i e s  of' discontinuous jumps i n  t h e  
t a r g e t  pos i t i on .  The step response f o r  the  f u l l y  adapted 
case t y p i c a l l y  contained a r eac t ion  time of 0 .2  to 0.4 secs .  
followed by a fast  movement i n  the c o r r e c t  d i r e c t i o n  reaching 
approximately t h e  c o r r e c t  amplitude a f t e r  another  0.3 to 0.5 
secs  . When the c o n t r o l l e d  element g a i n  was suddenly increased ,  
the  next  s tep  response would e x h i b i t  a l a r g e  overshoot i n  
the i n i t i a l  movement, gene ra l ly  followed by s e v e r a l  



a l t e r n a t i n g  overshoots u n t i l  the  e r r o r  was f i n a l l y  reduced t o  
zero.  ( see  Fig. 6)  Succeeding s t e p  responses of the same 
g a i n  l e v e l  were composed of success ive ly  fewer response over- 
shoots  and occas iona l  caut ious undershoots,  the opera tor  
soon becomlng adapted t o  the increased  con t ro l l ed  element g a i n  
and decreasing h is  own g a i n  accordingly.  S imi l a r ly ,  when the 
con t ro l l ed  g a i n  was suddenly reduced, the s t e p  responses were 
i n i t i a l l y  too small i n  ex ten t  and many c o r r e c t i v e  movements 
were requi red  to n u l l  the  e r r o r .  The s u b j e c t  once again 
would inc rease  h i s  g a i n  appropr i a t e ly ,  so  t ha t  the  succeeding 
s t e p  responses would c o n s i s t  of a single r a p i d  movement re- 
qu i r ing  perhaps a secondary c o r r e c t i v e  response.  I n  these 
experiments the g a i n  was switched from +1 t o  46 or from +1 t o  
+11. As descr ibed i n  Appendix Bj the performance c r i t e r i o n  
was t h e  movement time (MT) from the s u b j e c t ' s  i n i t i a l  response 
u n t i l  the  e r r o r  was reduced t o  below 0.1 inch  and i t s  ra te  
t o  less than 0.5 inch  pe r  sec.  

On the i n i t i a l  experiments with unt ra ined  s u b j e c t s ,  we 
observed a f a i r ly  well-defined adap ta t ion  process manifested 
by a more or less exponent ia l  decrease or' movement t i m e  with 

s t e p  number. The adapta t ion  time appeared t o  spread over 7 
t o  15 steps following the  g a i n  t r a n s i t i o n ,  or approximately 
15 t o  30 s e c .  T h i s  extremely long adap ta t ion  t i m e  was 
apparent ly  a r e s u l t  of l a c k  of t r a i n i n g .  Fig. 7 shows the 
t y p i c a l  reduct ion  of movement t i m e  f o r  successive s t e p s  
following a g a i n  change f o r  a be t t e r  t r a i n e d  sub jec t  ( fou r  
hours of t r a i n i n g ) .  After the f i rs t  o r  second s tep the 
movement time remains r e l a t i v e l y  cons tan t .  T h i s  i s  t rue f o r  
both a high r e p e t i t i o n  ra te  of approximately 30 steps per  
minute and a low rate  of approximately t e n  steps p e r  minute. 
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The osc i l lographs  of response and e r r o r  i n d i c a t e  c l e a r l y  tha t  
almost a l l  of  the  adapta t ion  t akes  p l ace  during the  response 
t o  t h e  f i r s t  s t e p ,  anc! by the  second and t h i r d  s t e p s  t h e  
t r a i n e d  s u b j e c t  responds i n  e s s e n t i a l l y  a ful ly-adapted 
fash ion .  I n  gene ra l  very l i t t l e  d i f f e r e n c e  i s  noted between 
t h e  reduct ion  of movement t i m e  for high r e p e t i t i o n  rates and 
low r e p e t i t i o n  rates when we consider  adap ta t ion  as a 
func t ion  of s t e p  number following a t r a n s i t i o n  rather than as 
a func t ion  of t i m e .  

Because of the  r a p i d i t y  of adap ta t ion  t o  the s t e p  inputs  as 
wel l  as the  ease  w i t h  which the con t ro l l ed  element g a i n  could 
be i d e n t i f i e d  by the s u b j e c t ,  t h e  use  of a s t e p  input  as a 
probing func t ion  was discont inued i n  f avor  of the continuous 
pseudo-random inpu t s  discussed above. 
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SECTION I V  

EXPERIPENTAL RESULTS (11) - THE ADAPTATION 
PROCESS V I A  AVERAGE ERROR WAVEFORMS 

0 

Average e r r o r  waveforms following s p e c i f i c  types of t r a n s i t i o n s  
are c a l c u l a t e d  t o  r evea l  t h e  processes by which t h e  human 
opera tor  adapts  t o  changes i n  con t ro l l ed  element dynamics. 
They are intended to br ing  out  those f e a t u r e s  o f  t h e  adapta- 
t i o n  process c o n s i s t e n t  i n  almost a l l  occurrences of a par t icu-  
l a r  type of t r a n s i t i o n .  The averages may be assumed t o  
r e f l e c t  the bas i c  behavior p a t t e r n  of t h e  subJect  i n  t h e  task 
of (a )  de t ec t ing  a change i n  con t ro l l ed  element dynamics ( b )  

c o r r e c t l y  i d e n t i f y i n g  the  na tu re  of t h i s  change and ( c )  
adopting a new con t ro l  law, cons i s t en t  with the new con t ro l l ed  
element dynamics. 

The r e s u l t s  of t h i s  s e c t i o n  a r e  presented as a s e r i e s  of curves 
of ca lcu la t ed  e r r o r  waveform averages rather than a t a b l e  of 
numbers der ived from these curves.  The average e r r o r  wavefdrm 
can, of course,  show what c h a r a c t e r i s t i c s  of the adapta t ion  
process lead t o  t h e  adjustment t i m e  d i f fe rences  discussed i n  
the previous s e c t i o n .  Details of t h e  experimental  design a r e  
g iven  i n  Appendix B. 

Var ia t ion  i n  t h e  c a l c u l a t e d  average waveform i s  shown by meam 
of a t y p i c a l  example i n  Fig.  8. The do t t ed  l i n e  shows t h e  
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computed ensemble average of e r r o r s  fol lowing a t r a n s i t i o n  
from +2 to -8. Averages a r e  ca l cu la t ed  a t  0.04 sec.  i n t e r -  
v a l s .  The s tandard  dev ia t ion  of the 19 i nd iv idua l  t r a n s i -  
t i o n s  making up the average was c a l c u l a t e d  a t  0.25 sec ,  i n t e r -  
v z l s ,  and i s  shown by v e r t i c a l  l i n e s  on the graph of Fig. 8. 
The s tandard dev ia t ion  of t h e  average i s  od/JN where crd i s  the 
s tandard  dev ia t ion  of the o r i g i n a l  d i s t r i b u t i o n  and N i s  t h e  
number of  samples i n  the averaging process.  For t h i s  case of 
N = 19, plus  and minus one s tandard  dev ia t ion  of the  average 
e r r o r  waveform curve i s  shown a t  each sample point  by the 
he ight  of the rec tangles  i n  Fig. 8. 

4.1 Average Error Waveforms Corresponding t o  Conditions 
of the Adjustment T ime  Experiment 

The average e r r o r  curves of Figs. 9 and 10 correspond t o  some 
of t h e  t r a n s i t i o n  types considered i n  the adjustment time 
experiment f o r  t h e  p u r s u i t  and compensatory d isp lays .  T h e  
input  s i g n a l  was the high frequency spectrum (R.64), and a l l  
t r a n s i t i o n s  were taken during two mode experiments. The curves 
of Fig. 9 were recorded f o r  t racking  wi th  a pu r su i t  d i sp l ay ,  
and show c e r t a i n  e r r o r  c h a r a c t e r i s t i c s  a s soc ia t ed  with the 
type of t r a n s i t i o n .  A s  descr ibed i n  Appendix B, a l l  curves 
a r e  compensated for the  average e r r o r  cont r ibu ted  by switching 
a t  similar phases of  t he  input  each time, The d i s c o n t i n u i t i e s  
a t  the beginning of the average curves are a r e s u l t  of an 
i n i t i a l  delay I n  the  computer program. 

For a simple g a i n  increase  (Fig. 9 a )  t h e  e r r o r  reaches a peak 
very r a p i d l y  and reverses  t o  an overshoot on t h e  o t h e r  s ide 
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of t h e  zero l i n e ,  the e r r o r  o s c i l l a t i o n  disappearing a f t e r  
t h i s  second peak. For a g a i n  decrease,  on the  o t h e r  hand, 
(Fig. 9b) the e r r o r  rises more slowly, tak ing  a longer  time 
t o  reach i t s  rather f l a t  peak, and then g radua l ly  decreasing 
t o  i t s  asymptotic l e v e l .  The negat ive e r r o r  po r t ion  of t he  
curve c o r r e l a t e s  with the inpu t ,  and shows t h a t  t h e  response 
was s t i l l  "fal l ing behind" a s  a r e s u l t  of low ga in  f o r  2 sec.  
I n  the case of a p o l a r i t y  r e v e r s a l  (Fig. gc)  t he  e r r o r  rises 
r a p i d l y  f o r  a considerably longer  t i m e  per iod than i n  the 
case of a g a i n  inc rease ,  and then  descends sharp ly  from a well-  
def ined peak. The complex t r a n s i t i o n s  seem to include some 
of t he  c h a r a c t e r i s t i c s  of t h e  two simpler  types of t r a n s i t i o n  
i n  t h e  adap ta t ion  process.  Thus, f o r  a p o l a r i t y  r e v e r s a l  and 
g a i n  inc rease  (Fig. g d )  the average e r r o r  r ises sha rp ly  to a 
f i r s t  peak which i s  l a r g e r  and l a t e r  than f o r  a simple g a i n  
inc rease ,  and then reverses  d i r e c t i o n  to reach a second peak 
on the  oppos i te  s ide of the e r r o r  base l i n e .  T h i s  waveform 
t h u s  inc ludes  both t h e  i n i t i a l  l a r g e  e r r o r  and time delay 
a s soc ia t ed  wi th  the  p o l a r i t y  r e v e r s a l  and the  double-peak 
overshoot a s soc ia t ed  with the simple ga in  increase .  

I n  a s i m i l a r  manner the  average e r r o r  waveform f o r  a r eve r sa l -  
decrease t r a n s i t i o n  (Fig.  9e)  contains  c h a r a c t e r i s t i c s  o f  
b o t h  the  simple r e v e r s a l  and t h e  s i m p l e  g a i n  decrease.  Af te r  
r i s i n g  t o  a delayed i n i t i a l  peak, a s  i n  the  case of t he  
simple p o l a r i t y  r e v e r s a l ,  the  e r r o r  waveform then decreases  
slowly to i t s  asymptotic l e v e l  j u s t  as i n  t h e  case of t h e  
s i m p l e  g a i n  decrease.  
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Pursuit-Compensatory Comparison 

Some of the same types of t r a n s i t i o n s  are shown f o r  compensa- 
t o r y  t racMng i n  Fig.  10. The s imple  p o l a r i t y  r e v e r s a l  of 
Fig. 10a takes longer  t o  x-each i t s  peak than  the  correspond- 
ing p u r s u i t  waveform (Fig.  gc) and l eads  t o  longer  adjustment 
times. The t r a n s i t i o n  waveforms of Fig.  lob, and Fig. 1Oc 
help expla in  the r e l a t i o n s h i p  of adjustment times for complex 
t r a n s i t i o n s  under p u r s u i t  and compensatory t racking  discussed 
i n  connection w i t h  Fig. 5. 

For the compensatory r eve r sa l - inc rease  (Fig.  l o b )  the maximum 
e r r o r  i s  large,  but  once having been reached i t s  peak decreases 
r ap id ly  without much s i g n i f i c a n t  overshoot.  
decrease t r a n s i t i o n  (F ig .  1Oc) y i e l d s  an average e r r o r  wave- 
form which i s  no t i ceab ly  spread out  i n  t i m e .  It e x h i b i t s  a 
slow accumulation of e r r o r  t o  a broad peak and gradual  e r r o r  
reduct ion,  y i e ld ing  a longer  adjustment t i m e  than t h e  reversal- 
increase .  

The r eve r sa l -  

I n  c o n t r a s t  t o  t h e  compensatory r e s u l t ,  however, f o r  t he  pursuit 
d i sp lay  the c o n s i s t e n t  overshoot of t he  reversa l - increase  
t r a n s i t i o n s  g i v e  i t  longer  adjustment times than the r eve r sa l -  
decrease t r a n s i t i o n s .  The p u r s u i t  d i s p l a y  waveforms a l s o  show 
tha t  t h e  complex t r a n s i t i o n s  (F igs .  gd, 9e )  y i e l d  e r r o r  wave- 
forms which take longer  t o  reach t h e i r  asymptotic l e v e l  than  
the simple t r a n s i t i o n s  of F igs .  ga, gb, 9c. These f ind ings  
are i n  agreement w i t h  the simple-complex adjustment time 
r e l a t i o n s h i p s  shown i n  Fig. 5. 
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The average e r r o r  curves of Figs.  9 and 10 show t h e  genera l  
form of t h e  adap ta t ion  process for various types of 
con t ro l l ed  element t r a n s i t i o n s ,  and a r e  presented as an a i d  
t o  i n t e r p r e t a t i o n  of the r e s u l t s  of t h e  adjustment t i m e  
experiments discussed i n  Sec t ion  111. For a detailed i n v e s t i -  
g a t i o n  of the  adapta t ion  process ,  however, w e  s h a l l  examine 
average e r r o r  waveform curves taken under condi t ions of a low- 
frequency inpu t  spectrum (R.24), s i n c e  they r evea l  g r e a t e r  
consis tency i n  the adap ta t ion  process than the high frequency 
inpu t  experiments discussed above. 

4 .2  Average Error Waveforms Following Trans i t ions  for 
Compensatory Tracking a t  Low-Frequency Input .  

P o l a r i t y  _ _  . ~ Reversal _ _  

Average e r r o r  waveforms f o r  two t r a i n e d  sub jec t s  following 
a con t ro l  p o l a r i t y  r e v e r s a l  a r e  shown i n  Fig. 11. A simple 
p o l a r i t y  r e v e r s a l  w i l l  convert  t h e  s table  closed-loop nega- 
t i v e  feedback system i n t o  an uns tab le  p o s i t i v e  feedback system 
u n t i l  t h e  human opera tor  adapts  by changing h i s  own con t ro l  
p o l a r i t y .  The curves of Fig.  11 show t h a t  the t racking  e r r o r  
i nc reases  r a p i d l y  i n  the moments following p o l a r i t y  r e v e r s a l  
as each at tempt  t o  decrease the e r r o r  merely increases  i t  
f u r t h e r .  

T h i s  i nc rease  i n  e r r o r  reaches a sharp  peak on the average a t  
0 .5  sec .  following the t r a n s i t i o n ,  i n d i c a t i n g  a r e v e r s a l  i n  
the s u b j e c t ' s  con t ro l .  Following t h i s  adapta t ion  the e r r o r  
i s  decreased r a p i d l y  t o  a low l e v e l  wi th in  the next  second. 
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A t y p i c a l  t i m e  t r a c i n g  showing s u b j e c t ' s  response and e r r o r  
s i g n a l s  p r i o r  t o  and following a p o l a r i t y  r e v e r s a l  i s  given 
i n  Fig. 12. The upper channel g iv ing  inpu t  and response 
shows tha t  following the p o l a r i t y  r e v e r s a l  the response began 
moving i n  the wrong d i r e c t i o n .  The e r r o r  increased  sharply 
a f te r  0.3  sec.  and then was reduced a b r u p t l y  a t  0.7 sec .  as 
the sub jec t  reversed  h i s  own p o l a r i t y  and moved the  con t ro l  
s t i c k  i n  the c o r r e c t  d i r e c t i o n .  The second channel 
shows what the  response would have been i f  the system were 
i n  i t s  p r e - t r a n s i t i o n  mode, (i. e. a g a i n  of $2) and 
demonstrates t ha t  for t h e  f i r s t  0.3-0.6 sec.  the response of  
the i n a c t i v e  channel followed t h e  input  very c lose ly .  T h i s  
i n d i c a t e s  that  during t h i s  early per iod followfng the t r ans -  
i t i o n ,  the s u b j e c t  continued t o  t r a c k  as though the  p o l a r i t y  
of the con t ro l  were s t i l l  p o s i t i v e ,  and he had not  i d e n t i f i e d  
the t r a n s i t i o n .  

The t h i r d  channel represents  the d i f f e rence  between t h e  
s u b j e c t ' s  response and t h e  inpu t .  T h i s  i s  $he e r r o r  displayed 
on t h e  osc i l l o scope  i n  the compensatory t racking  task, and a l s o  
averaged i n  the average e r r o r  waveform computation. I ts  
peak c l e a r l y  demonstrates that  adap ta t ion  had begun by 0.7 
s e c .  following the  t r a n s i t i o n .  

The f o u r t h  channel i s  a recording of t h e  absolu te  e r r o r  of  
t racking  passed through t h e  low-pass f i l t e r  wi th  t i m e  constant  
of 0.25 sec .  A s  descr ibed previously,  t h i s  channel i s  used 
t o  es t imate  adjustment t i m e .  I n  t h i s  case using a c r i t e r i o n  
of 3/4-inches,the estimated adjustment t i m e  i s  1 .3  sec.  
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Gain Increase  

Fig.  13 shows average e r r o r  curves f o r  two sub jec t s  i n  
compensatory t racking  following inc reases  i n  the  con t ro l l ed  
element g a i n  from +2 t o  +8. 
inc rease  i s  an immediate inc rease  i n  e r r o r .  As the s u b j e c t  
seeks t o  e l imina te  t h i s  e r r o r ,  he causes the reponse t o  
overshoot and quick ly  produce an e r r o r  of t he  opposi te  s ign .  
Notice tha t  on the average the f i rs t  c o r r e c t i v e  movement 
took p lace  before  0.3 sec .  for both s u b j e c t s .  Of p a r t i c u l a r  
i n t e r e s t  i n  t h e s e  f i g u r e s  i s  the observat ion that  i n  n e i t h e r  
case i s  t h e  s u b j e c t ' s  second e r ro r  peak of h igher  amplitude 
than t h e  f i r s t  one. An unadapted con t ro l  loop would e x h i b i t  
o s c i l l a t i o n s  of  i nc reas ing  amplitude when i t s  ga in  was 
mul t ip l i ed  by a f a c t o r  of 4. Thus, some adapta t ion  must have 
taken place before  the second peak i n  each case,  and un- 
doubtedly by the  time the average e r r o r  has crossed the base 
l i n e .  For both  s u b j e c t s  t h i s  average e r r o r  curve c rosses  
the  base l i n e  a t  approximately 0.5 sec .  The average e r r o r  
decreases t o  i t s  asymptotic l e v e l  sometime between 1 and 2 
seconds following t h e  t r a n s i t i o n .  Notice t ha t  t he  average 
e r r o r  f o r  sub jec t  GK does not  show t h e  marked overshoot seen 
for sub jec t  RB. 

The i n i t i a l  e f f e c t  of the g a i n  . 

Fig. 14 shows an a c t u a l  time t r a c i n g  p r i o r  t o  and following 
a t y p i c a l  g a i n  inc rease  from +2 t o  +8 f o r  s u b j e c t  RB, of the 
type summarized i n  the average e r r o r  curve of  Fig.  13. The 
i n i t i a l  r e s u l t  of the g a i n  inc rease  i s  an  overshoot i n  
response lasting f o r  0.2 t o  0.3 sec .  The c o r r e c t i v e  move- 
ment made i n  an e f f o r t  t o  reduce t h i s  e r r o r  r e s u l t s  i n  an 
overshoot t o  t h e  oppos i te  side which peaks a t  0.8 secs .  
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The amplitude of the overshoot t o  the oppos i te  s i d e  i s  smal le r  
than t h e  o r i g i n a l  e r r o r  t h e  s u b j e c t  was at tempting t o  n u l l i f y ,  
showing that he had achieved a s i g n i f i c a n t  amount of g a i n  
reduct ion by the t i m e  t h i s  second movement was completed. 
Following the second peak the e r r o r  i s  g radua l ly  reduced and 
the  e f f e c t s  of the t r a n s i t i o n  i n  c o n t r o l l e d  element are d i f f i -  

c u l t  t o  see a f te r  a l i t t l e  more than  1.5 sec ,  following the  
t r a n s  it ion.  

Gain Decrease 

The e f f e c t  of a simple g a i n  decrease i n  the  con t ro l l ed  element 
i s  not  t o  in t roduce  any i n s t a b i l i t y  i n  the closed-loop per- 
formance, bu t  simply t o  lower the open-loop ga in  t o  the poin t  
where system performance becomes very s luggish .  Such a t r a n s i -  
t i o n  produces very small i n i t i a l  e r r o r  when t h e  input  s i g n a l  
i s  of low frequency and would cause no s e r i o u s  consequences i n  
system performance i f  adap ta t ion  were n o t  t o  take  place.  
average e r r o r  following such t r a n s i t i o n s  from +8 t o  +2 f o r  
both sub jec t s  i s  shown i n  Fig. 15. Notice t ha t  t h e  e r r o r  i n -  
c reases  slowly, reaching a rather f l a t  peak a t  0.7 t o  0.8 sec.  
f o r  both sub jec t s .  The e r r o r  then r e t u r n s  very gradual ly  
toward zero,  c ross ing  the a x i s  a t  1.3 sec.  f o r  subjec t  RB and 
not  u n t i l  1.8 sec.  f o r  GK. The upper channel of Fig. 16 shows 
tha t  following the t r a n s i t i o n  the response l a g s  t h e  inpu t ,  
accumulating e r r o r  slowly f o r  1.0 sec.  and then  g radua l ly  
decreasing the e r r o r  during t h e  next  1.5 sec.  

The 
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Reversal Inc rease  

Average e r r o r  waveforms following r e v e r s a l  i nc rease  t r a n s i -  
t i o n s  are shown i n  Fig. 17. It i s  of i n t e r e s t  t o  compare 
these average e r r o r  curves w i t h  those o f  Fig. 13, f o r  the 
same two s u b j e c t s  following a simple g a i n  inc rease  t r a n s i t i o n .  
After the complex t r a n s i t i o n  ( f 2  t o  -8) the  average e r r o r  
curves rise very s t e e p l y ,  y ie ld ing  l a r g e r  peak e r r o r s  than 
for any o t h e r  type of t r a n s i t i o n .  For both sub jec t s  the 
t i m e  of occurrence of t h i s  f i rs t  peak for t h e  complex t r a n s i -  
t i o n  (0.4 t o  0.5 s e c . )  i s  s l i g h t l y  longer  than the t i m e  of 
occurrence of the  f i r s t  peak f o r  the simple g a i n  increase  
(0.2-0.3 sec.) Following t h i s  f irst  peak, which represents  
adapta t ion  to the  p o l a r i t y  r e v e r s a l ,  the  average e r ror  wave- 
form curves f o r  both s u b j e c t s  show a s i m i l a r  time course for 
adapta t ion  t o  the  complex g a i n  inc rease  as for the  case of 
a simple g a i n  inc rease .  For RB the e r r o r  shows a second 
overshoot of lower amplitude than the f i r s t .  Subject  GK 
once aga in  shows l i t t l e  tendency toward o s c i l l a t o r y  e r r o r ,  
and h i s  average e r r o r  waveform decreases g radua l ly  toward 
i t s  asymptotic l e v e l .  

A t y p i c a l  t r a n s i t i o n  record for t h i s  type of con t ro l  change 
i s  shown i n  Fig. 18. For the  first 0.4  sec .  following the 
t r a n s i t i o n  t h e  response diverges  from the  input .  When a 
p o l a r i t y  r e v e r s a l  i s  f i n a l l y  made, t h e  g a i n  remains somewhat 
e leva ted ,  leading t o  t h e  secondary peak a t  0.8 s e c . ,  and 
f i n a l  g a i n  reduct ion  t o  a stable l e v e l  reached a f t e r  approx- 
imately 1.5 secs .  



Reversal Decrease - .  

The f i n a l  type of con t ro l l ed  element t r a n s i t i o n  
a r e v e r s a l  decrease from -8 t o  +2. The average 

considered i s  
e r r o r  wave- 

forms of F ig ;  19 show a very d i f f e r e n t  type of behavior from 
the r e v e r s a l  i nc rease  averages of Fig.  17. Following a 
r e v e r s a l  decrease the e r r o r  i nc reases  slowly f o r  a f a i r l y  
long per iod despi te  t h e  p o s i t i v e  feedback na tu re  of the 
cont ro l  loop. The average t i m e  of adap ta t ion  t o  the  p o l a r i t y  
r e v e r s a l  as shown by the time of the rather broad peak i n  t h e  
average e r r o r  curve i s  approximately 0.8 sec .  following the 
t r a n s i t i o n .  Following t h i s  peak i n  t h e  average e r r o r ,  the  
adapta t ion  process proceeds i n  a smooth fash ion  reaching the 
steady average e r r o r  l e v e l  sometime af ter  1.5 secs .  following 
the  t r a n s i t i o n .  The l o n g ,  low overshoot of the average e r r o r  
from 2 t o  5 secs .  following the t r a n s i t i o n  i s  inpu t  dependent, 
and once aga in  shows t h e  continued ex i s t ence  of a small 
average e r r o r  i n  phase w i t h  the  input  as the response continues 
t o  lag behind the input  u n t i l  the s u b j e c t ' s  ga in  i s  increased.  

I n  t h e  r e v e r s a l  decrease t i m e  t r a c i n g  of Fig.  20, it i s  seen 
that  the e r r o r  showed an acce le ra t ing  inc rease  for 0.6 sec .  
before  the  s u b j e c t  reversed d i r e c t i o n  of the cnn t ro l  s t i c k .  
Under the decreased ga in ,  t h e  e r r o r  took  1.3 sec .  t o  cross  
t h e  base l i n e ,  and the response lagged the  input  for t h e  next 
three seconds, leading t o  a long adjustment time. 

4.3 Average Er ro r  Waveforms Following Trans i t i ons  f o r  
8-Mode Versus 2-Mode Switching Conditions 

All of t h e  above average error waveform curves were derived 
from experiments conducted under compensatory d i sp lay  condi t ions 



i n  which the  con t ro l l ed  element was merely switched back and 
f o r t h  between two modes. To see whether the  r ap id  adapta- 
t i o n  observed under these condi t ions resulted from the 
s i m p l i c i t y  of the "back-and-f o r t h "  na tu re  of the con t ro l l ed  
element switches,  the experiments were repeated under t h e  
8-mode switching condi t ions ,  i n  which the con t ro l l ed  element 
dynamics were permit ted t o  change from a base condi t ion or' 
+2 t o  any one of the o t h e r  seven poss ib l e  ga ins  i n  a random 
sequence. Average e r r o r  computation following t r a n s i t i o n s  i n  
the 8-mode experiment for compensatory t racking  showed no 
important changes i n  the  shape of t h e  e r r o r  curve, and most 
important,  no apparent lengthening of the adapta t ion  o r  
adjustment process as a r e s u l t  of increas ing  t h e  number of 
poss ib l e  modes i n t o  which the  con t ro l l ed  element could be 
switched. Fig.  21 is  a n  example of a comparison between 
average e r r o r  curves taken under 8-mode condi t ions and the 
comparable curve f o r  t h e  2-mode switching experiment. For a 
+2 t o  +8 t r a n s i t i o n ,  we n o t i c e  that  aside from a poss ib l e  
s l i g h t  e l eva t ion  i n  the  s i z e  of t he  second overshoot under 
8-mode switching condi t ions ,  the e r r o r  curves are q u i t e  
similar f o r  2- and 8-mode condi t ions.  

4 ..4 Average Error Waveform Following Trans i t ions  
With Veloci ty  Tracking 

The experimental r e s u l t s  r e f e r r e d  t o  above were based on 
t racking  experiments wherein the con t ro l l ed  element cons is ted  
of a simple ampl i f i e r  whose g a i n  and p o l a r i t y  could be 
changed. I n  p r a c t i c a l  t racking  s i t u a t i o n s  the con t ro l l ed  
elements g e n e r a l l y  have dynamic c h a r a c t e r i s t i c s  which a f f e c t  
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the  closed-loop performance, and f o r  which the  human opera tor  
compensates i n  h i s  r o l e  as a c o n t r o l l e r .  To i n v e s t i g a t e  the  
ex ten t  t o  which the r e s u l t s  obtained on the simple propor t iona l  
con t ro l  experiments might be genera l ized  t o  include the  problem 
of adap ta t ion  under complexed dynamics, w e  performed seve ra l  
prel iminary experiments involving t r a n s i t i o n s  among d i f f e r e n t  
types of c o n t r o l l e d  element dynamics. The average e r r o r  wave- 
form curves shown i n  Fig. 22 both represent  the adap ta t ion  
process fol lowing a simple p o l a r i t y  r e v e r s a l  i n  the con t ro l l ed  
elements. The curve of Fig. 22b w a s  der ived from the experiment 
i n  which the con t ro l l ed  element was an i n t e g r a t o r ,  and the 
t r a n s i t i o n  cons is ted  of a r e v e r s a l  of 4/s t o  -4/s. 
had received t r a i n i n g  under the v e l o c i t y  t racking  condi t ions 
p r i o r  t o  the experiment, and h i s  s t eady- s t a t e  e r r o r  was of 
approximately the  same magnitude as f o r  p o s i t i o n  con t ro l  t rack-  
ing. When the  average e r r o r  waveform of Fig. 23b i s  compared 
with t h a t  of Fig. 23a, which shows t h e  same s u b j e c t ' s  perform- 
ance f o r  p o l a r i t y  r e v e r s a l  under p o s i t i o n  con t ro l ,  the  d i f f e r -  
ences are q u i t e  apparent.  The e r r o r  i n i t i a l l y  r i s e s  a t  
approximately the  same s lope  f o r  both types of con t ro l ,  as a 
r e s u l t  of the uncompensated p o l a r i t y  r e v e r s a l .  Whereas the  
e r r o r  reaches i t s  peak a t  0.5 sec.  under p o s i t i o n  con t ro l ,  t h e  
peak does not  occur u n t i l  0.7 sec.  following t h e  t r a n s i t i o n  f o r  
v e l o c i t y  con t ro l .  By t h i s  time the average e r r o r  has r i s e n  t o  
n e a r l y  1-1/2 t i m e s  the amplitude of the peak average e r r o r  
f o r  p o s i t i o n  cont ro l .  Following t h i s  peak the large e r r o r  i s  
reduced g radua l ly  through the i n t e g r a t o r  i n  the  forward loop, 
no t  reaching i t s  steady-state l e v e l  u n t i l  n e a r l y  2 sec.  follow- 
i n g  t h e  t r a n s i t i o n .  Although the  genera l  shapes of the two 
average e r r o r  waveform curves are similar, the t i m e  course for 
t h e  adapta t ion  process w i t h  v e l o c i t y  con t ro l  was apparent ly  
longer  than the similar process under p o s i t i o n  cont ro l .  

The sub jec t  
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SECTION V 

INTERPRETATION OF RESULTS 

Before attempting t o  interpret the experimental results in 
terms of the basic adaptation process of the human operator, 
it is instructive t o  consider the consequences of a non- 
adaptive human operator model under changes in controlled 
element dynamics. 

5.1 Transfer Function Models 

For a simple compensatory tracking t a sk  with controlled 
element of unity gain, ElMnd generated parameters for a 
human operator transfer function of the form 

( T ~ s + ~ )  ( Tns-+i) 

The parameters vary with the frequency characteristics of the 
input spectrum, and were selected by finding the "best fit" 
of the assumed transfer function form to the experimental 
data. The R.24 rectangular spectmun,used in the present 
investigation yielded the values: 

K = 40 
7 = 0.1 
1/T, = - 3  
l/Tn = 6.2 

33 



The closed-loop root locus f o r  such a t r a n s f e r  func t ion  i s  
sketched i n  Fig. 23,  using a f i r s t  Pade approximation of the 
form -(p-l) 7 

a -7s e 
1 

Two closed-loop poles  c ross  the j w  axis and move i n t o  the  
r igh t -ha l f  plane f o r  open-loop g a i n  g r e a t e r  than K= 40. This 
i s  t o  be expected, s i n c e  ElMnd s e l e c t e d  h i s  parameters f o r  
low frequency f i t  and marginal closed-loop S t a b i l i t y ,  placing 
two closed-loop poles  on the j w  a x i s .  

L e t  u s  assume that the  a c t u a l  closed-loop system i s  stable 
and very l i g h t l y  damped, with damping r a t i o  < = 0.2. T h i s  
puts  the "base condi t ion" dominant poles  a t  s = -1.2 - + j 5.7 
as shown i n  Fig.  25. The open-loop g a i n  placing the poles i n  
t h i s  p o s i t i o n  i s  K =20. 

With t h i s  assumption f o r  the poles  i n  the base condi t ion w e  
may i n v e s t i g a t e  the  e f f e c t  on closed-loop performance of 
open-loop g a i n  changes. Doubling the g a i n  of the con t ro l l ed  
element without any change i n  the human opera tor  t r a n s f e r  
func t ion  would place t h e  dominant poles  almost exac-cly on the 
imaginary a x i s ,  a t  s = - + j 7.5. The r e s u l t a n t  error would 
o s c i l l a t e  a t  a frequency of 1 . 2  cps. Gain inc rease  by a 
f a c t o r  of f o u r  would move the poles  i n t o  the r ight-half  plane 
a t  s = 2+ - j 9.7. 
o s c i l l a t i o n s  of frequency 1.5 cps and a growing exponent ia l  
envelope e time constant  -r = 0.5 sec .  

The t r a n s i e n t  e r r o r  would e x h i b i t  uns tab le  
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I 

Decrease of gain by a factor of four would move the dominant 
poles closer to the negative real axis, at s = -2.9 - j 1.6. 
This corresponds to an increase of the closed-loop damping 
constant from 0.2 to 0.87, leading to a sluggish response. 

For consideration of the effect of polarity reversals the 
r o o t  locus f o r  negative values of K is drawn in Fig. 24. The 
dominant pole locus is on the real axis, crossing into the 
right-half plane at K = -1.02. The unadapted pole position 
f o r  a simple polarity reversal is at s = +2.8, representing 
an unstable system with time constant 0.36 sec. 
K = -80, (-4 times the base condition) the pole moves out to 
s = 6.3, corresponding to an unstable system with time 
constant 0.16 sec. 

For gain 

The hypothetical post-transition pole positions are based on 
the normal tracking behavior - with no adaptation assumed. 
Furthermore, they do not take into account the fact that the 
high frequency errors following transition might appear to 
the subject as a higher frequency input causing him to lower 
his gain and broaden his tracking bandwidth. 

(Note: The concept of moving poles is not to be interpreted 
in a rigorous mathematical sense, but merely indicates the 
relationship between open-loop gain and system Stability, as 
commonly used in engineering practice.) 

Fig. 25 summarizes the dominant pole positions that would 
eventually be reached following the gain and polarity transi- 
tions investigated experimentally, assuming the human 
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operator transfer function was valid and remained unchanged 
following controlled element transitions. These pole 
positions determine the behavior of the tracking error in 
the moments after transition but prior to any adaptation. 
Therefore, they indicate the type of information available 
to the subject, from which he must form his identification 
of the controlled element change. 

5 . 2  Summary of Experimental Results 

The preceding section indicates the effect of total absence 
of adaptation to controlled element transitions. 
some of the experimental results concerning the way the 
closed-loop system does exhibit adaptation we may form 
hypotheses on the nature of the adaptation processes. 
major experimental results are: 

By listing 

The 

For Compensatory Tracking 

1. Complex transitions lead to longer adaptation 
and adjustment times than simple transitions. 
Adaptation to the polarity and gain changes 
appear to be separate processes. 

2. Of the two types of complex transitions, 
reversal decreases lead to longer adaptation 
times and adjustment times than reversal 
increases. 



3 .  

4. 

5. 

Of the simple transitions, adaptation is faster 
f o r  polarity reversals and gain increases than 
for gain decreases - although adjustment times 
are about equal. 

The number of alternative modes in the experi- 
ment has no effect on adjustment times. 

Over much of the range investigated, adjustment 
times decrease with increasing relative differ- 
ence of the transition. 

For Pursuit Tracking 

1. 

2. 

3.  

4. 

5. 

Complex transitions lead to longer adaptation 
and adjustment times than simple transitions. 

Of the two types of complex transitions, reversal 
increases lead to longer adjustment times than 
reversal decreases. 

Under a11 types of transitions pursuit tracking 
yields shorter adjustment times than compensa- 
tory tracking. 

Adjustment times increase with the number of 
alternative modes in the experiment. 

Adjustment times generally increase with 
increasing relative difference. 

4 
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5.3 The Adaptation Process 

It i s  he lp fu l  once again t o  consider  t h e  adapta t ion  process 
as cons is t ing  of three necessary phases - even i f  i t  may 
not  be poss ib l e  t o  d i f f e r e n t i a t e  among them experimentally.  
The f i r s t  of t hese  i s  de tec t ion ,  or recogni t ion  tha t  a 
change i n  t h e  system performance has occurred. Once having 
de tec ted  a change, t h e  sub jec t  must c o r r e c t l y  i d e n t i f y  t h e  
na tu re  of the change, and t h e r e f o r e  adopt a new cont ro l  
s t r a t e g y  cons i s t en t  with h i s  i d e n t i f i c a t i o n .  Since w e  have 
no way of determining when the s u b j e c t  has not iced  these 
changes, w e  must attempt t o  deduce de tec t ion  from h i s  cont ro l  
responses. Thus de t ec t ion  i s  ind ica t ed  by any change from 
t h e  p re - t r ans i t i on  mode of con t ro l ,  and i d e n t i f i c a t i o n  i s  
ind ica t ed  by t h e  occurrence of  a response cons i s t en t  w i t h  the  
new con t ro l l ed  element dynamics. Adaptation cons i s t s  of 
both de t ec t ion  and i d e n t i f i c a t i o n .  

Once having adapted, however, t he  sub jec t  must s t i l l  reduce 
the r a t h e r  large e r r o r s  which may have been b u i l t  up i n  the  
i n t e r v a l  between t r a n s i t i o n  and adapta t ion .  The reduct ion 
of the e r r o r  composes the  adjustment phase, and leads t o  
the d e f i n i t i o n  of adjustment t i m e  i n  terms of reduct ion o f  
e r ror  t o  some c r i t e r i o n  l e v e l .  

The d i f f e r e n t  types of t r a n s i t i o n s ,  d i s p l a y  modal i t ies  and 
number of modes may be examined i n  terms of t h e i r  e f f e c t  on 
each of t he  phases of the adjustment process .  
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Information available for detection and identification is 
simply the error signal for compensatory display, whereas 
the response signal is directly shown for the pursuit display 
Since detection and identification based on the response display 
are direct for the simple position control, it is reasonable 
to find pursuit adaptation times shorter than compensatory 
adaptation. The adjustment process of reducing accumulated 
error thus takes on greater relative importance in the pursuit 
display. For the compensatory display the detection and 
identification of a control transition based on the error 
signal (contaminated with "noise" in terms of the presence of 
an input component) is a more difficult task, and these 
phases form a significant part o f  the entire adaptation and 
adjustment process. 

The result showing that the number of alternative modes has 
no effect on adjustment time for compensatory tracking is 
contrary t o  the predictions of a detection model for simple 
mode switching. We must conclude that for compensatory 
tracking, even after considerable training on the possible 
control gains, the subjects do not appear t o  be mode switch- 
ing, and are therefore not affected by the number of alterna- 
tive control gains. In pursuit tracking, however, in which 
detection is considerably easier, the increase of adjustment 
time with number of alternative modes may indicate a certain 
amount of mode switching behavior. Thus in the two 
alternative pursuit cases the subject would merely detect 
any change in controlled element dynamics and he could 
rapidly change his own control characteristics t o  the 
correct alternative mode. 
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The relative difference of transitions is a measure of the 
ease of detection, since large relative differences yield 
large initial errors which should be easily detected. Large 
relative differences also tend to increase the adjustment 
phase, however, since large transition errors may take longer 
t o  reduce than small ones. Thus for compensatory tracking, 
where the detection-identification phase is difficult it would 
be expected that the effect of transitions with larger relative 
differences would be to shorten the adaptation times, and there- 
by perhaps shorten adjustment times. In agreement with this 
prediction, the average error waveforms of Figs. 13 and 15 show 
shorter adaptation times for +2 + +8 than for +8 + $2,  and 
Figs. 17 and 19 indicate shorter adaptation times f o r  4-2 + -8 
than f o r  -8 + +2. Furthermore, the adjustment times for 
compensatory tracking generally decrease with increasing RD 
over the range 1-1/8 to 3, as shown in Fig. 4 and discussed in 
Section 111. 

The effects of relative difference of transitions on pursuit 
and on compensatory tracking are expected to be quite differ- 
ent. Since detection and identification are so simple in 
pursuit, the easier detectability of larger RD transitions 
should not have much effect on the adaptation process. The 
effect of large initial errors in increasing the adjustment 
phase assumes relatively more importance therefore, and pre- 
dicts generally increasing adjustment time with RD. The 
average error  waveforms of Fig. 9 show that for the pursuit 
display the adaptation times are about equal for +2 + +8 and 
+8 + +2, and also for +2 + -8 and -8 + +2. Reference to 
Fig. 4 and the accompanying discussion in Section I11 
demonstrates a significant positive correlation between adjust- 
ment time and relative difference f o r  the pursuit display, in 
contrast to the data f o r  compensatory tracking. 
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The dual e f f e c t  of increased  i n i t i a l  e r r o r  leading t o  e a s i e r  
de t ec t ion  and i d e n t i f i c a t i o n ,  but  longer  adjustment, he lps  
i n t e r p r e t  the marked d i f f e rence  between the two types of com- 
p l ex  t r a n s i t i o n s  under p u r s u i t  and compensatory t racking.  
r e v e r s a l  i nc rease  has a l a r g e  RD and y i e l d s  an i n i t i a l  r e l a t i v e  
e r r o r  f o u r  times as l a r g e  as t h e  r eve r sa l  decrease. The r e -  
v e r s a l  increase  would the re fo re  be expected t o  lengthen the  
adjustment phase i n  both p u r s u i t  and compensatory d isp lays ,  
bu t  s i g n i f i c a n t l y  shor ten  the de tec t ion - iden t i f i ca t ion  phase 
i n  the compensatory case. Fig. 5 c l e a r l y  shows that t h e  
r e v e r s a l  i nc rease  y i e l d s  longer  adjustment times for the pur- 
s u i t  d i sp l ay  and r e v e r s a l  decrease yields longer  adjustment 
t i m e s  for the  compensatory display.  Figs.  gd and 9e demonstrate 
by means of average e r r o r  waveforms tha t  the adapta t ion  t i m e s  
a r e  equal for +2 + -8 and -8 + + 2  t r a n s i t i o n s  under the p u r s u i t  
d i sp lay .  The d i f f e rences  i n  adjustment t i m e s  must t he re fo re  
be a r e s u l t  of a longer  adjustment phase for +2 + -8, although 
t h i s  i s  no t  seen i n  the average e r r o r .  Figs .  10b and lOc, 
showing average error waveforms under compensatory t racking ,  
i n d i c a t e  a much longer  adapta t ion  t i m e  for -8 + + 2  than for 
+2 + -8, confirming t h e  e f f e c t  of small i n i t i a l  e r r o r s  
lengthening adap ta t ion  t i m e .  

The 

Perhaps the most i n t e r e s t i n g  r e s u l t s  generated by t h i s  
i n v e s t i g a t i o n  concern t h e  adapta t ion  t o  complex t r a n s i t i o n s ,  
involving both p o l a r i t y  r e v e r s a l  and g a i n  change. 
time data show tha t  a longer  i n t e r v a l  i s  requi red  t o  a d j u s t  
to complex t r a n s i t i o n s  than simple t r a n s i t i o n s  - e s p e c i a l l y  
under a. compensatory display. Average e r r o r  waveforms 
f o r  compensatory t rac ldng  i n d i c a t e  that the adapta t ion  

Adjustment 
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process t o  a complex t r a n s i t i o n  resemblea two sepa ra t e  
s equen t i a l  processes - f i r s t  a p o l a r i t y  co r rec t ion  and then a 
g a i n  adjustment. Since there were only two parameters t o  

be var ied  i n  t h i s  simple cont ro l  i t  i s  dangerous t o  general-  
i z e  from t h i s  evidence. The t e n t a t i v e  i n t e r p r e t a t i o n ,  how- 
ever ,  would rule out  mode switching o r  continuous g a i n  adjust- 
ment as t h e  basis of t he  adapta t ion  process.  Rather, i t  
suggests  a two-stage process i n  which the sub jec t  f irst  
co r rec t s  p o l a r i t y  if necessary,  and then increases  o r  decreases 
ga in  i f  necessary.  

On t h e  basis of these i n t e r p r e t a t i o n s  o f  our experimental 
r e s u l t s ,  and use of t h e  information t h a t  a t racMng model 
y i e l d s  on the unadapted behavior, w e  can hypothesize an 
adapt ive model. The roo t  locus argument ind ica t ed  that  the 
f irst  t r a n s i t i o n  e r r o r  would y i e l d  uns tab le  o s c i l l a t i o n s  f o r  
g a i n  inc reases  g r e a t e r  than double, heavi ly  damped response 
f o r  g a i n  decreases ,  and p o s i t i v e  feedback i n s t a b i l i t y  f o r  
p o l a r i t y  r e v e r s a l s  un less  t h e  g a i n  were reducedbg 95 percent .  

A model t o  perform the required adapta t ion  can be conceived 
t o  operate  on e r r o r  a lone,  o r  on e r r o r  and some propriocept ive 
information on wrist movement. The genera l  behavior of  t h e  
e r r o r  following a t r a n s i t i o n  i s  descr ibed by t h e  l o c a t i o n  of 
t h e  system poles  i n  the s-plane,  a s  discussed i n  the  beginning 
of t h i s  Sec t ion .  Thus, i f  on the las t  response the  e r r o r  
kept i t s  same s i g n  and increased,  then a p o l a r i t y  r e v e r s a l  
should be expected. If  the s i g n  of t he  error changed but i t s  
magnitude increased,  then the p o l a r i t y  i s  probably c o r r e c t  
but t h e  ga in  may be t o o  high. F ina l ly ,  i f  the e r r o r  magnitude 
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decreased only s l i g h t l y  on the l a s t  response, then a 
con t ro l l ed  element ga in  decrease should be expected. 
Natural ly ,  each of t hese  o b s e r v a t i m s  i s  hampered by the  
presence of no ise  i n  the form of system input  - and some 
redundant observations may be necessary before  changing the  
con t ro l  parameters. 

An extension of t h i s  i n v e s t i g a t i o n  to include t r a n s i t i o n s  
w i t h  more complex con t ro l l ed  element dynamics i s  under way. 
The average waveforms of Fig.  22 show t ha t  t he  adapta t ion  
process f o r  a s p e c i f i c  type of t r a n s i t i o n  i s  lengthened when 
the con t ro l l ed  element i s  a pure i n t e g r a t o r ,  d e s p i t e  good 
s t eady- s t a t e  equa l i za t ion  by the opera tor .  T h i s  r e s u l t  
i n d i c a t e s  t h a t  f u r t h e r  research  must be done on the na ture  of 
t h e  human opera tor  adapta t ion  process w i t h  complex dynamics. 

The r e s u l t s  presented i n  t h i s  r epor t  represent  lower bounds 
f o r  adjustment times and t h e  adapta t ion  process i n  an ideal- 
i zed  s i t u a t i o n .  
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FIG. 2 F U N C T I O N A L  BLOCK D I A G R A M  
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APPENDIX B 

EXPERIMENTAL PROCEDURE 

The experiments conducted in this investigation fall into 
three major categories. The adjustment time experiments 
measured the time for subjects t o  reduce their tracking error 
following a controlled element transition with a random 
continuous input. In the average error computation experi- 
ments the waveform of error following many controlled element 
transitions of  a particular type were averaged to reveal 
consistencies in the adaptation process. Finally, in the 
step experiments, subject performance following a controlled 
element transition was observed for the case of random step 
input signals. 

B.1 Adjustment Time Experiment 

Pursuit and compensatory tracking were investigated to deter- 
mine the effect of sudden changes in controlled element gain 
or polarity on the closed-loop perrormance including the 
human operator. The input signal was a sum of  more than 
forty sinusoids, approximating low-frequency Gaussian noise. 
It had a rectangular spectrum of high-frequency cutoff at 
0.64 cps (Elkind's 11.64 Spectrum) and RMS amplitude of 1.5 
inches on the display screen - providing a reasonably 
challenging tracking task. 7 

77 



Subjects .  
male undergraduate s tudents .  
of t h e i r  performance i n  a prel iminary se s s ion  from an 
o r i g i n a l  group of e igh t .  
s e s s ion  were a l l  engineering s tuden t s .  A l l  were d r i v e r s ,  
and one (S3) had some l i m i t e d  experience as a p i l o t .  

The sub jec t s  used f o r  t h i s  experiment were f i v e  
They were s e l e c t e d  on the basis 

The f i v e  best sub jec t s  i n  t h i s  

Conditions. All sub jec t s  t racked under 8 g a i n  condi t ions,  
w i t h  both p u r s u i t  and compensatory d i sp lays ,  and sess ions  i n  
which e i ther  2, 4 or 8 d i f f e r e n t  ga ins  were involved. The 
gains  were +I, +2, +4J +8, -1, -2 ,  -4, -8, where a ga in  of 
+1 corresponds t o  a - 6" d e f l e c t i o n  of t he  con t ro l l ed  dot  
( t h a t  i s  , f u l l  s c a l e )  f o r  the f u l l  - +45O d e f l e c t i o n  of the 
con t ro l  s t i c k .  

Out of the  total of 56 d i f f e r e n t  t r a n s i t i o n s  poss ib l e  
among t he  8 modes, a bas i c  s e t  of 24 was chosen. These 
covered the range from easy t o  d i f f i c u l t  t o  d e t e c t ,  defined 
on t h e  basis of r e l a t i v e  d i f f e rences  (see Sec t ion  111). 
These 24, which were i n  f a c t  1 2  p a i r s  (e. g. +l t o  -8 and 
-8 t o  +1) were used i n  all t he  condi t ions inves t iga ted .  

I n  t h e  " 2  mode" condi t ions the  sub jec t s  were given only 2 
g a i n  condi t ions,  and were given a p r a c t i c e  on each before  
t h e  beginning of the run. 
the 8 ga ins  were involved, and the  sub jec t s  were again given 
a f a m i l i a r i z a t i o n  per iod on each. 
modes were used, and the sub jec t s  were given t r a n s i t i o n s  of 

I n  t h e  "4 mode" condi t ions 4 of 

Three such sets of 4 



each of the 1 2  types i n  each set .  Besides t h e  24 bas i c  
t r a n s i t i o n s ,  t hese  sets involved another  10, and t h e  r e p e t i -  
t i o n  of 2 of the  o r i g i n a l  24. I n  the  "8 mode'' condi t ions 
a l l  8 ga ins  could occur. They were arranged s o  t h a t  only 
the 34 types of t r a n s i t i o n  used i n  the 4 mode condi t ions were 
involved. 

In s t ruc t ions .  Before the  f i r s t  p r a c t i c e  se s s ion  the  sub- 
j e c t s  were given bas i c  i n s t r u c t i o n s  f o r  t h e  p u r s u i t  condi- 
t i o n .  These were as follows: 

"You w i l l  be seated i n  a small cubic le  w i t h  a con t ro l  s t i c k  
mounted on a r i g h t  arm rest .  I n  f r o n t  of you t h e r e  w i l l  be 
a te lpvis ion-type screen,  covered w i t h  a mask except f o r  the 
cen te r  s ec t ion .  When the s i g n a l  is  switched on you w i l l  see 
a c i r c l e  of l i g h t  which w i l l  move across  t h e  screen.  It 
w i l l  always s t a y  i n  the  same hor izonta l  l i n e ,  but the d i s t ance  
and speed i t  w i l l  move w i l l  vary. You w i l l  a l s o  see  a spo t  
of l i g h t  on the screen  i n  the  same hor izonta l  l i n e .  You can 
con t ro l  t he  p o s i t i o n  of t h a t  w i t h  your cont ro l  s t i c k ,  and 
your task i s  to keep the  spo t  as near  as poss ib le  t o  the  
cen te r  of t h e  c i r c l e .  

"That i s  t h e  bas ic  t a sk ,  but  t h e  r e l a t i o n s h i p  between what 
you do with the  con t ro l  s t i c k  and what happens t o  the spot  
as a r e s u l t  of your a c t i o n  w i l l  not always be t h e  same. 
There are going t o  be 8 d i f f e r e n t  "gain" condi t ions.  I ' l l  
expla in  what I mean. For a g a i n  of +1, i f  you move t h e  s t i c k  
one u n i t  t o  the r igh t  the  spot  w i l l  move one u n i t  t o  the  
r i g h t .  For ga ins  of +2, 1-4, and +8 a s t i c k  movement of' one 
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u n i t  w i l l  produce a spot  movement of 2J  4J  and 8 u n i t s  
r e spec t ive ly .  The o t h e r  4 condi t ions are the  reverse  of 
these. A g a i n  of -1 means tha t  a s t i c k  movement of one u n i t  
r i g h t  w i l l  produce a spot  movement of one u n i t  l e f t ,  and f o r  
-2, -4 and -8 ga ins  a movement of one u n i t  r i g h t  w i l l  produce 
a spot  movement of 2, 4 and 8 u n i t s  l e f t  respec t ive ly .  Today 
you w i l l  be given p r a c t i c e  i n  t racking  under these  8 
condi t ions.  I '  

The second t i m e  t h e  sub jec t s  came they were given p rac t i ce  i n  
t r a n s i t i o n s ,  and the i n s t r u c t i o n s  were supplemented as 
follows : 

Ins t ead  of always knowing a t  the beginning of the  run what I I  

g a i n  condi t ion  you w i l l  be t racking  w i t h ,  today the  conditions 
w i l l  change during t h e  run.  You w i l l  no t  be given any warning 
of when these  changes w i l l  OcCurJ but a t  the beginning of each 
run you w i l l  be  t o l d  how many d i f f e r e n t  ga ins  w i l l  occur i n  
that  run, and w i l l  have a chance t o  p r a c t i c e  on each. Some- 
times there w i l l  only be two d i f f e r e n t  ga ins  i n  a run, some- 
times 4 and sometimes a l l  8. Trans i t ions  between gains  w i l l  
always occur when t h e  spo t  i s  passing through the c e n t r a l  
po in t  of t h e  screen.  

"When t r a n s i t i o n s  occur you should try t o  adapt t o  t h e  new 
condi t ions as quickly as poss ib le .  

Design. A l l  s ub jec t s  began with p r a c t i c e  sess ions  on 
p u r s u i t  t rack ing  under a11 8 ga in  condi t ions,  and then 
p r a c t i c e  w i t h  t r a n s i t i o n s .  By the time t h e  experimental runs 
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were s t a r t ed  they were a l l  w e l l  p rac t iced  i n  t h e  pu r su i t  condi- 
t ions,having had a minimum of 1-1/2 hours of  t r a i n i n g  over two 
o r  three sess ions .  

There were i n  a11 1 2  sess ions  f o r  each sub jec t  i n  the experi-  
ment excluding p r a c t i c e  runs. They cons is ted  of 2 sess ions  
each of 2, 4 and 8 modes under p u r s u i t  and compensatory condi- 
t i ons .  A s e s s i o n  involved a l l  the  d i f f e r e n t  t r a n s i t i o n s  
poss ib l e  under t ha t  condi t ion,  each occurring once, except 
that  f o r  t h e  2 mode condi t ions a s e s s i o n  cons is ted  of each of 
the two t r a n s i t i o n s  occurring twice. 

Each se s s ion  was divided i n t o  3 blocks.  For t h e  2 mode condi- 
t i o n s  a block cons is ted  of one p a i r  of t r a n s i t i o n s  - p r a c t i c e  
on each, followed by 2 t r a n s i t i o n s  i n  each d i r e c t i o n .  Immed- 
i a t e l y  following t h i s  they were shown a second p a i r  of  modes, 
t r e a t e d  i n  t h e  same way. There were, then, 2 pairs of ga ins  
i n  each block, and the blocks were separated by 2 minutes 
rest .  There were 6 pairs i n  a sess ion .  

For t he  4 mode condi t ions a block cons is ted  of t he  p rac t i ce  and 
t h e  1 2  poss ib le  t r a n s i t i o n s  for a se t  of 4 modes arranged i n  
a random order .  Again 2 minutes r e s t  separated each of the 
3 blocks.  I n  the  8 mode conditions a block was an a rb i t ra ry  
subgroup of the  34 t r a n s i t i o n s ,  cons is t ing  of 11 o r  1 2  
d i f f e r e n t  t r a n s i t i o n s .  Again t h e  t r a n s i t i o n  order  was random- 
i zed  for d i f f i c u l t y .  

The second ses s ion  under the same condi t ions cons is ted  of t h e  
o t h e r  6 p a i r s  f o r  2 modes, and the same 3 blocks i n  the  
opposi te  order  f o r  4 and 8 mode condi t ions.  The order  of the  
blocks i n  the f irst  se s s ion  var ied  w i t h  t h e  s u b j e c t .  A t  the  
end, each sub jec t  had had 2 examples of each t r a n s i t i o n  under 
a l l  condi t ions.  
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The order in which the subjects were given the various condi- 
tions is summarized in the table below. The numbers represent 
the number of modes in a given session f o r  a particular 
subject . 

Before the compensatory runs, the subjects were told what the 
differences were from the pursuit display and given practice 
on each of the 8 gains amounting t o  a total of at least 40 
minutes. 

Measurement. Fig. B.l shows the way in which results were 
measured. Tracking performance was recorded on a four- 
channel pen recorder. The upper record is input signal and 
subject's response. The second record shows the input ahd 
the alternate response channel, so that the "response" is 
what the subject's response would be if he were still track- 
ing under pre-transition conditions. The third record is 
the subject's error, (response-input) and the fourth channel 
shows integrated absolute error over 1/4 sec. The scale f o r  
the latter is 1 cm = 1 inch steady-state error. 
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These records were used to determine adjustment t i m e .  T h i s  
measure i s  an attempt to represent  t he  time a t  which t h e  
sub jec t  has recovered from t h e  e f f e c t s  of the t r a n s i t i o n  and 
i s  t racking normally. Since the c r i t e r i o n  f o r  good t racking 
depends not  only on the sub jec t  and whether he was t racking 
under p u r s u i t  or compensatory condi t ions,  but  a l s o  on the  
f i n a l  g a i n  condi t ion,  s epa ra t e  c r i t e r i o n  values were used f o r  
eachf ' ina l  g a i n  condition. 

A c r i t e r i o n  l e v e l  w a s  found as fol lows,  Two examples of 
asymptotic 
were examined and t h e  median i n t e g r a t e d  absolu te  e r r o r  over 
10 SecB. was found f o r  each. The average of these  two was 
then mul t ip l ied  by 3. The adjustment t i m e  w a s  taken as the  
time a t  which t h e  in t eg ra t ed  absolu te  e r r o r  went below t h i s  
value and s tayed there f o r  a t  l e a s t  3 sec. 

t rack ing  f o r  t he  p a r t i c u l a r  sub jec t  and condi t ion 

I n  the example shown f o r  S4 t racking under a ga in  of +1 w i t h  
a pu r su i t  d i sp lay  (F ig .  B . 1 )  the  median asymptotic l e v e l  i s  
2.8 mm ( or 0.28 inch on t h e  screen) .  The  c r i t e r i o n  then i s  
8 .5  mm. Looking a t  t h e  record i t  can be seen t h a t  0.7 sec .  
following the  -4 -++l t r a n s i t i o n  the  e r r o r  f a l l s  below t h i s  
point  and stays the re  for more than 3 secs .  Thus 0.7 sec .  
i s  t h e  adjustment t i m e  i n  t h i s  case.  
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Be2 Average E r r o r  Computation 

Inspection of individual transition response records corres- 
ponding to changes in controlled element dynamics often shows 
great variation in the characteristics of adaptation to the 
new mode of control. Part of this difficulty may be ascribed 
to the input signal which contributed to the error, and part 
to variation in individual subjects' adaptation characteris- 
tics. To expose consistencies in the adaptation process, we 
compute the ensemble average error waveform following a given 
type of control transition, using the PDP-1 digital computer 
for the computation. The experimental procedure is essentially 
the same as described above. Following a practice session, 
the subject would track through two experimental runs of 24 
transitions each. The average error computation was performed 
on 20 error waveforms following each type of transition. 
Except where otherwise indicated, the transitions were of the 
two-mode type, that is, back and forth between the two 
selected modes of control. 

Aspects of errars following transition not closely associated 
with the adaptation process will cancel out on the average. 
That portion of error strongly dependent upon the input signal 
and the relation between time of permissLble transitions and 
velocity of the input may be compensated for by computation 
of the average error occurring when Channels 1 and 2 are in 
identical control modes so that the transitions involve no 
change whatsoever in the operator's observed controlled 
element characteristics. By subtracting out the "no transi- 
tion" average response from the average error waveform curves 
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w e  achieve the "compensated" average e r r o r  waveforms which 
presumably show the  na tu re  of the adapta t ion  process 
independent of the waveform of the inpu t  s igna l .  The 
compensating process i s  i l l u s t r a t e d  by Fig. B.2. Fig. B.2a 
i s  the average e r r o r  waveform following a t r a n s i t i o n  from 
+2 t o  -8 i n  compensatory t racking  w i t h  the ~ . 6 4  spectrum, 
Notice the r ap id  buildup of a l a r g e  e r r o r  i n  the first second 
following t h e  t r a n s i t i o n  of t h e  con t ro l l ed  element ga in  from 
+2 to -8, and t h e  cont inuat ion of a smaller ,  but not neg l ig ib l e ,  
average e r r o r  during the  e n t i r e  f i v e  seconds of the  record.  
Although t h e  i n i t i a l  po r t ion  of t h i s  curve g ives  consider- 
able i n t e r e s t i n g  information on the t i m e  course of the  e r r o r  
following the  t r a n s i t i o n ,  i t  i s  d i f f i c u l t  t o  say when the 
e r r o r  i s  reduced t o  i t s  asymptotic l e v e l ,  or indeed what t he  
asymptotic e r r o r  i s .  Fig.  B.2b, the average e r r o r  waveform 
taken under the same t racking  condi t ions but w i t h  t r a n s i t i o n s  
from -1-2 t o  +2, shows the po r t ion  of the average e r r o r  which 
can be a t t r i b u t e d  t o  the inpu t  s p e c t m  and non-random t i m e  
of t r a n s i t i o n s  w i t h  r e spec t  t o  input  ve loc i ty .  When the 
average e r r o r  of Fig. B.2b i s  subt rac ted  from the average 
e r r o r  wavef0r.m of Fig. B.2a to form t h e  compensated average 
e r r o r  waveform of Fig. B.2c the  na ture  of t h e  adapta t ion  
process i s  more c l e a r l y  shown. There i s  a delay of 76 msec. 
i n  t h e  d i g i t a l  computer program between t h e  occurrence of 
a t r a n s i t i o n  and t h e  i n i t i a l  error waveform sample t h a t  i s  
averaged. T h i s  accounts for t h e  d i scon t inu i ty  a t  the  
beginning of t h e  compensated average e r r o r  curves. 



B . 3  Step Experiments 

A series of informal experiments was conducted t o  t e s t  the 
hypothesis t h a t  the  t i m e  of adapta t ion  f o r  s t e p  input  s i g n a l s  
depends p r i n c i p a l l y  upon the number of input  s t e p s  rather 
than t h e  length  of time the  sub jec t  spends i n  t racking .  For 
a compensatory t racking  t e s t  the proport ional  con t ro l  g a i n  
was switched between a p a i r  of values a t  random time. I n  
half t h e  experiments the con t ro l  g a i n  was switched between 
t h e  values +1 and +6; and f o r  t h e  o t h e r  half t h e  cont ro l  ga in  
was switched between +1 and +11. The inpu t  func t ion  was a 
s e r i e s  of s t e p s  s u i t a b l y  random i n  both time of occurrence 
and i n  amplitude. The p r i n c i p a l  v a r i a b l e  w a s  the  average 
r e p e t i t i o n  rate of these  steps. Two r e p e t i t i o n  rates were 
used: a high ra te  of approximately 30 steps per  minute and 
a low r a t e  of approximately t e n  s t e p s  pe r  minute. Following 
each ga in  change t h e  s u b j e c t ' s  response performance was 
measured on t h e  next t e n  steps t o  determine the  ex ten t  of 
adaptat ion.  

The performance c r i t e r i o n  was t h e  movement t i m e  (MT) which 
wag defined as the  time taken from t h e  beginning of a 
cor rec t ive  a c t i o n  ( j u s t  a f t e r  the r eac t ion  time) u n t i l  t he  
e r r o r  and e r r o r  r a t e  were reduced below some arbi t rary 
threshold.  The e r r o r  threshold was s e l e c t e d  a t  5 percent of 
the  average amplitude of t he  inpu t  steps (0.1 inch)  and t h e  
ve loc i ty  threshold w a s  0.5 inch  per sec.  
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a. UNCOMPENSATED 
+ 2 * - 8  

b. NO TRANSITION 
+2-,+2 

c. COMPENSATED 
+2+-8 

1 
0. I I 2 3 4 

T I M E  IN SECONDS 

I 
I 1 I 1 I 

F1G.B-2 A V E R A G E  E R R O R  WAVEFORMS SHOWING THE E F F E C T  O F  
C O M P E N S A T I N G  FOR T H E  "NO TRANSIT ION"  CHARACTERISTICS 
SUBJECT LRY, 2 MODES, COMPENSATORY, ( R - 6 4 )  
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ADJUSTMENT TIME DATA 
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0 

TABLE C1 

RAW DATA 
AWUSTMENT TIME EXPERIMENT 

QAIN 
INCREASE 

GAEN 
DECREASE 

RFNERSAL 

REXERSAL 
INCREASE 

REVERSAL 
DECREASE 

+I +8 
+1 +4 
-2 -8 
-1 -4 
-1 -2 
+4 +8 
+1 +2 
-2 -4 
+8 +1 
+4 +1 
-8 -2 
-4 -1 
-2 -1 
+8 +4 
+2 +1 
-4 -2 
+2 -2 
-2 +4 
+4 -4 
-4 +4 
-1-1 -8 
-1 +8 
-2 +a 
+1 -4 

+1 -2 
-8 +I 
+8 -1 
+8 -2 
-4 +1 
-8 t 2  
+8 -4 
-2 +1 

‘P 

-- 7 
3 2.5 5.2 
3 1.3 0.9 -- 3 
1 0.6 0.6 
1 6.4 15.0 
1 -- -- I 
7/8 -- 
3/4 4.8 6.4 
3/4 0 2.0 
314 
1r2 a . 3 Y 4 . 3  
i / 2  o 15.0 
1/2 
1/2 

2 1.7 0.9 
2 2.1 7.5 
2 3.5 4.2 
2 6.9 2.4 
9 2.2 2.0 
9 2.9 3.8 
5 5.1 4.1 
5 5.9 2.7 

3 8.1--15.0 
3 1.1 0 

i-wa 1.8 0.8 
1 4 8  2.2 1.5 

-- -_ 

1-1/4 1.5 2.0 
1-1/4 6.9 1.2 
1-1/4 -- 
1-1/2 14.1 7.2 
1 4 2  1.6 i0.0 

-- 
16.0 2.9 
1.1 3.7 

1.1 5.0 
2.8 0.6 

e- 

.I- 

-* 

-- 
9.6 0.6 

14.1 0.5 

12.6 2.1 

0.6 o 
-0 

-L -- 
7.0 0.9 
7.3 5.1 
3.4 1.0 
2.1 1.3 
8.5 6.3 
6.7 6.8 

11.0 5.9 
10.0 18.3 

1.2 9.1 
0.9 1.1 

1.0 1.2 
15.0 7.4 

8.6 2.1 
3.5 5.3 

6.4-- 4.4 
4.3 1.1 

-- 

c- 

2.3 2.1 
1.3 0.8 

0.5 1.9 

-- 
7.7 0.8 

c- 

L- 

_- 
2.7 10.3 
1.9 0.6 

0 0 
0.7 2.4 

-- 
-_ 
L- 

7.8. 8.7 
3.2 6.6 
0.8 1.9 
1.2 1.0 

1.7 4.3 
2.9 2.0 
2.5 6.4 
1.4 0.4 

0.6 1.3 
-- 

1.0 6.7 

2.3 1.5 
1.9 2.0 
1.5 1.5 
3.2 6.2 

1.9 0.8 
0- 

1.2 2.9 

-- 
1.1 7.3 
3.4 15.0 

1.7 3.9 
2.4 1.1 

-L 

_- -- 
-- 

0.8 1.5 
0 3.0 

0 0 
6.8. 3.1 

-L 

_- 
-.- 

1.0 1.3 
0.4 2.5 
1.3 1.5 
5.3 1.6 
3.4 1.9 
3.4 2.3 
4.1 1.7 

12.9 3.0 

1.5 0.8 
4.3 1.7 
2.2 2.6 
1.0 0.9 
0.9 0.8 
0.7 19.3 

1.8 0.8 

-- 

-- 
1.0 2.6 

-- 
0.4 1.1 
0 1.2 

0 1.4 
0.6 0.5 

-- 
-- -- 
-- 

1.3 4.2 
0 0 

0.8 o 
0 0.7 

-- 
-- -- 

0.7 1.4 
1.8 1.4 
0.8 0.8 

2.7 2.6 
10.3 2.3 

1.5 1.7 

4.2 6.3 
1.3 2.1 

4.4-- 7.3 
0.9 0.5 

2.3 1.5 
0.7 2.2 
2.8 1.0 
0 2.1 

3.1 0.6 
0.6 2.2 

-- 

-- 
40.9 
28.7 

22.8 
31.8 

-- 

-- -- 
4;: 2 
22.2 

38:O 
29.3 -- -- 
31.4 

25.0 

36.9 
19.2 

35.6 
45.4 
51.3 
58.0 

18.2 
49:3 

17.2 
34.8 
22.7 
48.4 

4i:i 
27.5 



TABLE C 2  
ADJUSTMENT TIME EXPERIMENT 

RAW DATA 
PURSUIT - 4 mD@S 

TYPE TFUNSITION .BD s1 s2 s 3  'S4 s5 SUM 

GAIN 
INCREASE 

G A I N  
DECREASE 

m R S A L  

REVERSAL 
INCREASE 

REVERSAL 
DECmASE 

4-1 +8 
+1 +4 
-2 -8 
-1 -4 
-1 -2 
+4 +8 
+1 +2 
-2 -4 
+8 +1 
+4 +1 
-8 -2 
-4 -1 
-2 -1 
+8 +4 
+2 +1 
-4 -2 
+2 -2 
-2 +4 
+4 -4 
-4 +4 
+I -8 
-1 +8 
-2 +8 
+1 -4 
+2 -8 
-4 +8 
+1 -2 
-8 +1 
+8 -1 
+a -2 
-4 +1 
-8 +2 
+8 -4 
-2 +1 

7 
3 
3 
3 
1 
1 
1 
1 
718 
314 
314 
314 
1/2  
1/2 
1/2 
1 /2  
2 
2 
2 
2 

9 
9 
5 
5 
5 
3 
3 
1-1/8 
1-1/8 
1-1/4 
1-1/4 
1*-1/4 
1-1/2 
1 4 2  

14.1 1.6 

1.0 13.2 
1.4 14.3 
0 4.9 
8.8 0.7 
1.4 2.7 
3.0 1.8 
7.7 4.3 
2.0 0 
0.7 16.5 
1.6 1.5 
0.6 o 
6.4 0.4 
2.1 7.3 
0.4 1.4 
2.1 1.7 
1.8 15.0 
2.0 1.7 
5.6 4.2 
6.6 15.0 
3.7 37.0 
8.6 4.6 

13.2 1.0 
11.4 21.8 
5.2 1 . 2  
1.5 15.0 
3.0 15.0 
4.8 19.7 
5.2 1.8 

15.3 1.0 
7.2 2.7 
9.1 6.4 
2*5 15.0 

7.5 5.4 
2.6 
1.7 
7.0 
2.0 
1.8 
4.6 

18.4 
15.0 
10.2 
1.8 

15.3 
15.0 

5.1 
3.9 
5.5 
4.2 
1.4 
1.3 
3.0 
5.7 

14.5 
10.0 

2.0 
15.0 

2.2 
8.3 

1 2 . 5  
5.4 

23.0 
3.7 

18.3 
3.1 
2.2 
1.1 

5.5 
2.7 
2.1 
1.4 
2.4 
7.3 
1.6 

12.0 
4.0 
1.3 
1.4 
2.9 

10.2 
1.5 
0.5 
2.5 
1.5 
9.5 
1 .2  
1.4 
2.2 
5.2 
8.3 
1 . 2  
7.5 
1.9 

12.6 
20.6 
9.4 
0.9 
1.1 

11.0 
6.6 
2.9 

1.4 4.0 
1.1 4.7 
6.0 1.7 
1.0 1.6 
1.8 0 
1.6 0.5 
4.3 2.8 
2.2 5.6 
2.1 1.8 
1.0 8.1 
0.6 0.4 
0 1.3 
1.5 2 , O  
0.7 0 
0 3.1 
0 0 

4.6 3.1 
8.8 1.1 
1.5 1.5 
1.5 0.9 
7.7 5.0 
8.1 5.1 
2.7 4.8 
1.4 2.1 

1 .3  7.7 
4.0 2.1 
0.5 0.9 
2.0 3.6 
3.9 1.9 

15.0 8.6 
1.4 1.1 
6.0 6.5 

1.8 1.4 

3.5 5.4 

2.6 
1.0 
6.3 
1.3 
3.9 
2.5 
1.0 
0.6 
6.4 
1.3 
1.4 
2.0 
1 . 2  
4.3 
0.1 
0.7 
2.5 
5.0 
5.6 

11.3 
4.5 
2.8 
2.0 
1.6 
4.4 
3.8 
5.8 
1.0 
2.4 
4.4 

14.0 
6.6 
2.2 
2.6 

3.3 1.8 16.3 

1.1 0.8 4.4 
1.3 0.8 3.4 
0 0 0 
0 0.4 1.5 
0.9 0 0.6 
9.2 0 1.8 

0.8 0.8 0.7 

0.8 3.1 2.3 
1.6 0.7 0,5 
0.8 o 1.3 
1.5 1.5 0.7 
0.5 1.4  2.8 
0 0.7 1.11 
0 0 1.3 
0 0 0 
0.6 2.7 6.1 
0.7 1.0 0.8 
1.0 0 1.0 
1.0 2.1 3.7 
4.2 3.0 2.0 
5.4 3.8 13.9 
0.9 4.8 5.2 
1.0 1.5 6.5 

4.3 4.0 6.4 
1.0 1.7 14.0 

1.8 1.3 2.1 
1.4 1.1 4.4 

2.5 3.0 4.2 
0.9 3.0 2.2 
1.7 0.9 12.8 

0.8 3.5 1.9 

7.4 2.7 2.1 
1 . 2  0.9 2.6 

53- 2 
26.4 
43.6 
28.5 
14.8 
27.9 
33.7 
51.2 
42.7 
18.8 
38.4 
28.0 
25- 3 
19.8 
19.9 
9.2 

21.8 
42.8 
25.4 
38.0 
54.4 
94.5 
49.6 
48.5 
67.5 
44.0 
61.6 
58.0 
66.9 

61.6 
69.6 

31.3 

41.2 
41.3 



TABLE C 3  
ADJUSTMENT TIME EXPERIMENT 

R A W  DATA 
u) 
Iu 

PURSUIT - 8 MQDES 

TYPE TRANSITION RD s1 s2 s3 s4  s5 SUM. 
G A I N  

INCFU~ASE 

GAIN 
DECREASE 

REVERSE 

REVERSE 
INCREASE 

REYEME 
DECREASE 

+1 +8 
+1 +4 
-2 -8 
-1 --4 
-1 -2 
+4 +8 
+1 +2 
-2 -4 
+8 -1 
+4 +1 
-8 -2 
-4 -1 
-2 -1 
+8 +4 
+2 +1 
-4 -2 
+2 -2 
-2 +2 
+4 -4 
-4 +4 
+I -8 
-1 +8 
-2 +8 
+1 -4 
+2 -8 
-4 +8 
4-1 -2 
-8 +I 
+8 -1 
+8 -2 
-4 +1 
-8 +2 
+8 -4 
-2 +1 

7 
3 
3 
3 
1 
1 
1 
1 
718 
314 
314 
314 
1/2 
1/2 
1/2 
1/2 
2 
2 
2 
2 

9 
9 
5 
5 
5 
3 
3 

6.8 

34.1 
2.6 

15.0 
7.9 

0.6 
3.3 
0.6 
9.2 
4.6 
5.2 
1.6 
3.3 
3.2 

10.3 
5.9 
8 "1 
5.8 

10.5 
15.0 
12.2 
4.0 
2.1 
1.3 
2.5 

1.3 
15.0 

3.7 1.5 
1.2 2.4 
1.9 4.8 
2.2 4.0 
Om6 3.1 
1.9 2.9 
1.9 2.7 
0.5 3.4 
0.9 13.4 
6.2 1.7 
0.4 14.0 

2.9 9.4 
0.3 1.3 
0.6 2.0 
0.9 0 
1.5 5.0 
1.4 1.0 

6.0 2.5 

1.7 9.8 
1.1 1.3 
8.6 18.0 
2.1 6.1 
2.6 3.0 
6.3 4.8 
1.6 6.8 
1.5 8.6 
1.4 15.9 

7.2 
8.1 

3.1 
1.6 

0.8 

15.0 
4.6 

10.0 
2.1 

19.5 
2.9 
0 
1.1 
0.9 
0 
7.3 
2.2 
1.3 
4.6 
2.3 
4.5 
0.9 
8.6 

14.5 
1.0 

12.8 

1 .2  

8.0 7.0 
3.0 1.3 
2.0 5.3 
4.0 2.2 
1.8 1.3 
2.8 1.2 

0.6 o 
0.9 0 

3.2 1.0 
3.0 5.3 
0.5 1.7 
2.8 3.1 
1.0 0 
2.8 o 
3.1 1.5 
4.2 O 
1.4 1.6 

1.6 6.0 
2.3 6.4 
2.8 1.9 
3.6 3.9 
5.6 9.0 
9.5 1.5 
1.3 3.0 
2.2 14.0 
1.5 1.6 

4.4' 5.3 

21.2 
1.6 
0.8 
0.8 

15.7 
15.0 
6.2 

15.7 
1.8 
3.6 
8.2 
0.8 
0 
2.3 
0.7 
5.1 
1.8 
8.9 

18.2 
4.2 
7.8 

25.7 
1.8 

12 .4  
3.4 
3.5 

5 

2.5 4.0 
1.6 4.0 
0.8 8.8 

0 6.0 

3.4 O 
3.0 0.5 

8.9 0.8 
0.7 1.3 

1.9 1.0 
4.4 5.3 

0 1.7 
4.3 1.4 
0 3.5 
0.7 1.0 
6.8 3.2 

12.6 0.7 
2.0 1.8 

2.3 3.7 
1.5 19.2 
8.2 10.7 

3.5 2.0 
2.9 1.4 

3.9 
4.6 

10.9 
1.0 

20.2 
13.5 
4.4 
3.4 
1.9 
5.9 
1.5 
1.4 
7.2 
0.5 
0.5 
4.8 
1.4 
6.7 
2.2 
2.2 
1 .2  

12.5 
15.6 

2.9 
0.9 

15.0 
1.3 

65.8 

28.6 
62.0 

30.4 
71.0 

45.1 
40.6 
47.6 
51.1 
34.8 
60.7 
24.0 
25.5 
17.2 
23.1 
22.6 
38.1 
39.5 
64.6 
43.1 
75 0.5 
81.3 
53.9 
52.6 
39.2 
66.3 
41.6 



TABLE C4 

RAW DATA 
ADJUSTNENT T1T.E EXPElUlTl3NT 

COMPENSATORY - 2 MODES 
TYPE TRANSITION RD s1 s2 s3 s4 s5 SUM. 

G A I N  
INCREASE 

G A I N  
DECREASE 

REVERSAL 

REVERSAL 
INCREASE 

RFVERSAL 
DECREASE 

+1 +8 
3.1 +4 
-2 -8 
-1 -4 
-1 -2 
+4 +8 
+1 3 2  
-2 -4 
+8 +I 
+4 4-1 
-8 -2 
-4 -1 
-2 -1 
+8 -1.4 
4-2 +1 
-4 -2 
+2 -2 
-2 +4 
+4 -4 
-4 44 
-1-1 -8 
-1 +8 
-2 +8 
+l -4 
+2 -8 
-4 +8 
$1 -2 
-8 +I 
t-8 -1 
+& -2 
-4 41 
-8 +2 
+8 -4 

7 
3 
3 
3 
1 
1 
1 
1 
7/8 
3/4 
314 
314 
1/2 
1/2 
1/2 
1 /2  
2 
2 
2 
2 
9 
9 
5 
5 
5 
3 
3 

2.0 
0.6 

2.9 
3.1 

7.5 
5.5 
0 
4.9 

4.6 
5.2 
5.8 
2.6 
4.0 
8.3 
2.6 
6.6 

4.2 
11.0 

1-1/8 9.1 
1-1/8 5.4 

1-1/2 12.8 

1-1/4 4.1 
1-1/4 6.3 
1-1/4 

-2 +i 1-1/2 6.0 

8.4 1.5 2.6 1.7 2.5 0.8 7.9 15.7 4.4 47.5 
1.9 4.2 3.0 2.6 12.6 2.6 7.4 3.4 5.9 44.2 

2.3 0.3 1.9 o 0.8 5.3 1.2 3.0 0.5 18.4 
4.1 2.6 o 0 6.6 2.6 1.2 1.9 1.7 23.6 

1.9 8.4 11.9 0 2.0 1 .2  2.1 4.2 7.0 46.2 
3.5 10.6 11.2 4.8 o 2.5 6.8 0.6 2.0 47.5 

2.4 0.5 2.8 0 0.5 3.5 5.7 2.6 0 18.0 
1.6 2.5 10.1 0.3 0.5 16.4 6.6 o 0.7 43.7 

8.9 3.6 2.7 1.5 3.2 3.3 17.5 4.3 1.9 52.7 
3.5 0.7 3.2 3.0 2.6 16.9 10.3 3.4 2.2 48.4 
5.9 1.3 1.3 1 . 4  3.9 14.3 7.1 3.9 3.2 46.3 
1.6 1.5 2.4 1.7 1.9 3.1 2.1 11.7 3.1 37.4 

1.5 2.9 1.8 1.5 1 .9  9.5 1.0 1.0 1.6 29.3 
8.5 0.6 2.5 3.6 17.5 5.8 3.1 4.5 2.1 50.8 

9.4 9.2 1.0 4.1 3.1 4.0 3.4 2.9 2.2 43.5 
8.8 4.0 3.3 7.0 3.3 7.9 6.8 1.6 5.0 58.7 
6.8 11.7 10.2 10.7 8.3 8.4 9.2 11.3 8.4 94.1 
5.1 2.9 1.1 2.2 5.8 1.8 6.8 5.4 2.7 
3.9 3.3 3.4 7.1 5.8 13.3 3.4 1.5 3.2 
l.-!l 30.0 1.1 6.5 11.7 9.2 5.1 1.2 1.4 74.0 

2;:: 
3.5 4.5 9.6 1.5 1.6 1.0 3.7 2.5 3.7 44.4 
3.3 4.3 7.4 7.3 9.6 7.1 6.3 6.1 2.3 59.7 



G A I N  
I N C R E A S E  

G A I N  
DECREASE 

RFVERSAL 

RFNERSAL 
I N C R E A S E  

REVERSAL 
DECREASE 

+1 +8 
+1 +4 
-2 --8 
-1 -4 
-1 -2 
+4 -1-8 
+1 4-2 
-2 -4 
+8 +I 
+4 3.1 
-8 -2 
-4 -1 
-2 -1 
+8 +4 
+2 4-1 
-4 -2 
4-2 -2 
-2 +4 
+4 -4 
-4 +4 
+I -8 
-1 +8 
-2 +8 
+1 -4 
+2 -8 
-4 +6 
-41 -2 
-8 +I 
+8 -1 
+8 -2 
4 +1 
-8 +2 
+8 -4 
-2 +1 

7 
3 
3 
3 
1 
1 
1 
1 
7/8 
314 
314 
314 
1/2 
1/2 
1/2 
1/2 
2 
2 
2 
2 
9 
9 
5 
5 
5 
3 
3 

3.0 4.8 
1.6 1.0 
4.1 5.7 

7.4 6.8 
4.5 14.2 
1 .2  1.5 

27.1 14.7 
3.7 3.4 
2.7 6.7 
3,.0 3,4 
0 2.9 
10.3 1.1 
0 0 
1.1 0.4 
0.1 0.6 
1.0 3.9 
4.0 2.5 
9.5 16*5 
5.5 9.4 
2.6 1.7 
4.0 10.6 
2.1 6.0 

10.2 3.3 
1.1 4.9 
2.9 2.5 
1.9 2.7 

2.5 3.7 

0.9 
1.9 
2.1 
8.1 
1.8 
4.7 
2.3 
0 

5.9 
20.9 
0.7 
0 
0.7 
0 
3.3 
2.3 
1.6 
9.0 
6.1 

12.0 
2.1 
1 .2  
6.0 

10,o 
2.3 
4.9 

10.3 

0.7 
1.5 
2.9 
9.0 
0 
1.3 
3.2 
3.1 

17.3 
18.8 
4.4 
4.6 
2.9 
0 
2.9 
0 
2.8 
1.4 
2.0 
1.1 
1.0 
5.6 
0.9 
3.2 
1.0 

2.4 
5.0 

2.9 
0 
5.8 
4.2 
0 
0 
2.7 
0 

11.1 
4.9 

10.5 
6.8 
2.0 
0 
0.8 
2.1 

0.5 
1.9 
1.1 

12.5 
4.9 
4.5 
7.5 
4.2 
4.0 
4.7 
3.1 

4.5 5.5 
4.6 2.2 
6.4 20.2 
1.0 0.8 
0 0 
1.0 3.0 
1.0 1.1 
0 12.9 
6.6 0.9 
2.4 0 
0 1.0 
4.5 1.0 
3.3 0.5 
3.2 6.2 
0 4.8 
1.5 6.9 
1.4 0.6 
6.6 0.9 
1.8 10.8 
2.3 2.2 
9.7 3.9 
4.1 5.6 
1.7 2.5 
3.3 6.3 

10.5 12.9 
8.6 3.5 
1.6 5.0 

1.9 
3.2 
5.4 

13.6 
4.2 
0 
0 
0.6 

15.3 
5.7 
5.0 
0.5 
0 
0.1 
3.5 
3.6 
9.6 
2.2 
1.4 
1.7 

io .  8 
9.9 
1.5 
1.8 

13.4 
3.6 
5.1 

5.5 3.2 
1.7 0.8 
7.4 1.9 
1.7 1.9 
4.2 6.4 
1.4 3.0 
4.0 0 
3.0 3.1 
3.9 6.3 
8.2 5.6 
4.7 9.0 
0.7 0.6 
7.7 0 
2.1 3.1 

10.9 4.1 
3.7 0 
1.1 1.1 
0.7 4.5 
1 . 2  3.4 

12.4 1.8 
2.4 8.3 

11.7 3.9 
6.7 5.1 
4.2 14.1 
4.4 5.5 
3.9 8.6 
0.8 1.1 

32.9 
18.5 
61.9 
46.5 
30.8 
33.1 
17.0 
64.5 
74.4 
75.9 
41.7 
21.6 
28.5 
14.7 
31.8 
20.8 
23.6 
33.0 7 

47. 4 
61.1 

60.6 
60.0 
@,2 
34.0 

?a:," 
40.0 

1-1/8 6.6 7.8 15.0 9.6 6.3 9.0 7.7 14.0 5.2 9.1 90.3 
1-1/8 7.0 6*5 15.6 1.2 1.7 4.5 7.7 11.4 2.7 3.2 61.5 
1-1/4 0 5.2 8.9 3.1 6.4 7.0 4.7 0.1 10.2 0.8 46.4 
i-i/4 6.3 6.3 13.4 5.6 6.3 1 .2  10.8 2.2 2.5 16.8 71.14 
1-1/4 6.3 2.5 7.9 16.6 3.1 2.1 3.0 3.5 5.1 1.0 51.1 
1-1/2 12.2 11.1 12.8 8.2 3.6 l f , 2  3.5 6.6 1.6 3.9 '74.7 
1-1/2 3.5 -10.2 11.0 3.2 5.1 0.2 3.1 3.7 6.1 5.5 57.6 



TABLE C6 
RDJUSTIT3NT TIME EXPERII@XT 

RAW DATA 

COMPENSATORY - 8 MODES 
TYPE TRANSITION p s1 s2 S3 s I! s5 SUN. 

G A I N  
INCREASE 

G A I N  
DECREASE 

REVERSAL 

FZVERSAL 
INCREASE 

REVERSAL 
DECREASE 

Ul 
u1 

+I +8 
+1 +4 
-2 - -8 
-1 -4 
-1 -2 
+4 +8 
+1 +2 
-2 -4 
+8 -1-1 
+4 +1 
-8 -2 
-4 -1 
-2 -1 
+8 +4 
4-2 +1 
-4 -2 

+2 12 
-2 +4 
4-4 -4 
-4 +4 
+I -8 
-1 +8 
-2 +8 
+1 -4 
+2 -8 
-4 +8 
+1 -2 

-8 +I 
+8 -1 
+8 -2 
-4 +1 
-8 +2 
+8 -4 
-2 +1 

7 
3 
3 
3 
1 
1 
1 
1 
718 
314 
314 
314 
1/2 
1/2 
1/2 
1/2 
2 
2 
2 
2 

9 
9 
5 
5 
5 
3 
3 

9.1 5.5 

1.2 1.6 
2.2 3.8 

17.0 6.3 

0.3 4.7 
3.0 1.3 

2.0 6.0 

7.0 1.6 
2.6 4.6 
7.9 0 
0 1.8 
7.6 1.4 
0 0 
0 12.7 
0.5 0.5 
8.1 0.6 
5.2 0 
4.8 3.2 
4 - 7  11.2 
2.6 2.9 
1.7 7.3 
3.7 5.9 

10.6 6.7 
9.0 3.8 
2.1 3.2 
0.9 1.4 
6.1 2.6 

11.8 
3.8 
3.7 

11.9 
2.9 
0 
5.7 
2*5 

15.0 
6.4 
0.8 
7.8 
0.5 
0.4 

15.0 
0 

4.5 
13.9 
4. 3 
3.7 
4.1 
1.1 
3.8 

12.6 
2.8 
9.4 

10.9 

1.8 
1.3 
0 
5.4 

15.8 
4.9 
0.4 
0 

15.0 
2.1 
0 
2.8 
0 
11-0 

5.1 
0 

2.8 
3.4 
2.4 
2.7 
1.5 
3.7 
5.2 
1.6 
1 m . l  

3.7 
11.9 

2.8 
6.0 
5.2 
2.2 
4.3 
0 

14.4 
5.2 
2.7 
6.4 
0 
3.0 
0 
2.1 

10.0 
2.7 
2.5 
3.4 
0.8 
2.6 
5.8 

10.0 
4.9 
2.3 
4.5 
2.2 
5.1 

4.4 
0 
7.4 
2.1 
2.4 
5.8 
0 
0 

1.6 
0.8 
0 
0 
2.7 
2.2 
4.4 
3.3 
1.5 
3.0 
1.1 
3.4 
5.1 
3.4 
4.3 
9.0 
2.4 
6.4 
4.5 

5.2 
3.5 
1.6 
1.2 
1.3 
6.3 
0.9 

10.2 
1.0 
3.4 
1.9 
4.4 
6.5 
0.5 
0 
0 

1.1 
1.7 
2.3 
3.7 
5.8 
0.9 
2.1 
4.7 

13.1 
0.6 
0.7 

10.1 
1.6 
1.0 

11.7 
1.6 
2.2 
1.9 
11.3 
1.5 
3.6 
5.4 
0.3 
0 
6.4 

0.7 
1.3 
2.9 
6.4 
4.9 
1.1 

3.9 

8.7 
5.4 
2.2 
3.9 
4.5 
0.9 

7.9 
1.8 
2.9 
3.2 
0-1 

10.9 
6.1 
0 

2.5 
4.5 
1.2 
0.7 
6.8 
4.4 
0.7 
0.7 

15.0 
0.8 
0 
6.5 

15.0 
3.5 
7.2 
0 
1.6 
9.9 

17.2 

2.1 
1.5 
3.8 
3.3 
7.3 
4.1 
4.4 
3.9 

15.4 
4.5 
0.3 
0.7 
2- 7 
0.1 
0.3 
0.4 
0 ..3 
4.4 
1.9 
5.2 
8.4 
4.5 
5.8 
4.0 
8.4 
3.7 
7.6 

60.7 
25.5 
28.4 
64.3 
43.7 
39.2 
38.1 
41.7 
61.9 
39.6 

28.7 
19.2 
39.8 
40.4 
16.5 
34.2 
41.5 
35.1 
38.2 
55.8 
45.4 
56.0 
49.2 
43.1 

11.4 

42.7 
67.5 



TABLE C 7  

ADJUSTMENT TIME EXPERIMENT 

SUMMARY OF DATA 

DISPLAY PURSUIT COMPENSATORY 
MODES 2 4 8 2 4 8 

s1 

s2 

s3 

s4 

s5 

SWn 

Mean 
Median 

SWn 

Mean 
Median 

S W  

Mean 
Median 

Sum 
Mean 
Median 

SWn 

Mean 
Median 

216.5 
4.5 
2.6 

247.5 
5.2 
4.0 

125.3 
2.6 
1.9 

140.6 
2. 9 
1.7 

86.3 
1.8 
1.3 

445.2 
6.2 
3.35 

430.1 
6.0 
3.4 

212.9 

1.8 
3.0 

197.4 
2.7 
1.6 

199 0 
2.8 
1.85 

292.2 
4.3 
2.25 

388.2 
5.7 
3.9 

226. G 
3.3 
2.7 

344 # 9 
5.1 
2.7 

287.6 
4.2 
3.05 

232.5 
4.8 
4.15 

222.3 
4.6 
2.9 

185.8 
3.9 
2.6 

279 9 
5.8 
5.2 

169.6 
3.5 
2.8 

372.3 
5.2 
3.7 

380.8 
5.3 
3.1 

296.1 
4.1 
3.3 

344.1 
4.8 
3.5 

318.4 
4.4 
3.8 

299 
4.4 
3.6 

437.3 
6.4 
4.2 

278.3 
4.1 
3.15 

252.4 
3.7 
2.6 

345.3 
5.1 
4.1 

816.2 1484.6 1539.5 1ogo.i 1711.7 1612.3 

Median 2.0 2.1 2.8 3.3 3.5 3.7 

SWn 

__c Total  Mean 3.4 4.1 4.9 4.5 4.8 4.7 



TABLE ~8 

MEDIAN ADJUSTMENT TIMES FOR TRANSITIONS 

TYPE OF 
TRANS ITION PURSUIT COMPENSATORY 

Gain Inc.  
Gain Dec. 
Revers e 

Reverse Inc. 
Reverse Dec. 

2.15 
1.5 
2.0 

3.65 
2.35 

2.85 
2.55 
2.9 

3.95 
5.85 

I1 RELATIVE ~i 
DIFFERENCES PURSUIT COMPENSATORY I 

9 3-95 3.9 
5 
3 
2 
1 4 2  
1-1/4 
1-1/8 

314 
112 

1 

4.1 
2.1 
2.0 
2.6 
2.4 
2.25 
1.8 
1.7 
0.95 

3.95 
3.45 
2.9 
5.25 
5.1 
6.8 
2.45 
2.95 
1-3 
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